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I. INTRODUCTION 
Bacteria of the genus Rhizobium are capable of causing the formation 
of nodules on legume roots. The observed mechanism leading to nodulation 
involves entry of the rhizobia cells into the legume root hairs, the 
apparent growth of an infection thread through the epidermal layer and 
into the cortex and the stimulation of cell division at specific sites in 
the cortex. An ordered proliferation of cells gives rise to a nodule 
which contains rhizobia within the plant cells. This combination of 
rhizobia and plant cells is capable of fixing atmospheric nitrogen which 
then is available for utilization in the metabolism of the plant. 
As much as 300 pounds of N^ fixed per acre per year has been measured 
in fields of alfalfa (Alexander, 1961 p. 336) when the legumes were effect­
ively nodulated. Nitrogen fixation, then, is of major economic importance 
in crop production because it decreases the producer's expenditure for 
nitrogen fertilizer. 
The means by which rhizobia enter legume roots remains obscure, 
despite intensive investigation. It has often been observed that rhizobia 
occur within the hypha-like infection threads which usually have their 
origin near the end of a curled, deformed root hair. In order for the 
rhizobia to gain entry into the root hairs of the host plant and subse­
quently into inner cell layers of the roots, they must penetrate the 
primary cell wall surrounding the epidermal root hair. The walls of root 
hairs consist primarily of a network of cellulose fibrils embedded in a 
matrix of pectin materials. This study involves a survey to detect dif­
ferences in enzyme activities of uninoculated roots and roots inoculated 
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with rhizobia cells. Special emphasis was placed on studying the activity 
of enzymes which could alter or affect the cellulosic and pectic consti­
tuents of the legume root hair cell walls. 
The objectives of this investigation were: 
(1) to determine if inoculated legume roots produce enzymes which 
can facilitate infection by altering the root hair structure or metabolism; 
(2) to investigate how factors known to inhibit or enhance nodulation 
affected enzyme activity of legume roots; and 
(3) to develop a possible explanation why individual legume species 
are nodulated by only certain strains of rhizobia. 
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II. LITERATURE REVIEW 
The principal path of entry for rhizobia into legume roots is through 
the root hairs (McCoy, 1932; Bieberdorf, 1938; Nutman, 1958), McCoy 
(1932) used differential staining and extraction procedures to determine 
the nature of the cell walls of alfalfa, pea, clover and broad bean root 
hairs. She concluded that the only substances found in the root hairs 
were cellulose, calcium pectate, probably other pectic substances and a 
comparatively resistant material characterized as a hemicellulose. These 
results agreed well with those cited by Setterfield and Bayley (1961) for 
young wheat roots, which consisted of 38 per cent cellulose, 15 per cent 
hemicelluloses and 16 per cent pectic substances. 
The involvement of pectic enzymes during the infection process in 
which rhizobia enter the root hair has been reported by Fahraeus and 
Ljunggren (1959) and Ljunggren and Fahraeus (1959, 1961). They studied 
the production of polygalacturonase, a pectin-hydrolyzing enzyme, by 
several legumes grown in sterile culture and inoculated with strains of 
rhizobia either capable or incapable of forming nodules on the host plant. 
Combinations of compatible hosts and their specific rhizobia strains 
produced consistently higher polygalacturonase enzyme activity than did 
uninoculated plants or plants inoculated with rhizobial strains incap­
able of causing nodule formation. Extraction of the rhizobial polysac­
charide capsular material by boiling the cells, centrifugation and filter­
ing revealed that this material also could induce polygalacturonase forma­
tion (Ljunggren and Fahraeus, 1959). The authors deduced that the 
rhizobia produced a water-soluble, heat-stable and non-dialysable substance 
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•which induced the formation of polygalacturonase in the corresponding 
host plant and they concluded that the active principle was a polysac­
charide. Polygalacturonase activity was depressed by 33 and 330 ppm 
nitrogen as NaNO^. 
Earlier workers had concluded that rhizobia alone did not produce 
enzymes capable of attacking the cell wall. As early as 1888, attempts 
to grow nodule bacteria on a cellulose substrate had failed (Fred e^ al. 
1932). McCoy (1932) expanded the range of substrates to include cellu­
lose, pectin and calcium pectate and also observed no rhizobia1 growth 
on these substances. More recently Clarke and Tracey (1956) tested 
rhizobia for chitinase activity and Smith (1958) attempted to measure poly­
galacturonase and pectin methyl esterase activity of four strains of 
rhizobia grown on a medium containing pectin. All results in both experi­
ments were negative. 
Fahraeus and Ljunggren (1959) also measured pectin methyl esterase 
(PME) in the liquid surrounding the roots of both inoculated and uninocu-
lated young legume plants and also extracted the root tissue with a 
buffered saline solution in an attempt to measure the PME bound to the 
plant material. They observed that more PME was bound to the plant material 
in the inoculated series although the total enzyme activity remained a~lmost 
-10 
constant. Similar effects were noted when 10 M indole acetic acid 
(lAA) was added to the roots of white clover and the authors suggested 
that the increase in PME bound to the plant material was due to the action 
of lAA. Such an effect of lAA had been reported for tobacco pith by 
Bryan and Newcomb (1954) and Glasziou (1957). 
The actual mode of infection remains unclear. No pore or break has 
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been observed in the host cell wall at the point of origin of the infection 
thread. A thickening of the hair wall at this point has been observed by 
a number of observers (cf. Nutman, 1958). 
The most commonly accepted theory of infection was proposed by Nutman 
(1956). He suggested that the rhizobia were able to induce a reorienta­
tion of root hair growth at the tip resulting in entry of the rhizobia 
into the hair by invagination. Nutman visualized that the invagination 
of the cell wall resulted in the formation of the infection thread, the 
hypha-like structure containing the rhizobia within the epidermal cell. 
Thus, in this concept, the rhizobia were considered to be still on the 
morphological outside of the root. The absence of a visible pore was 
attributed to the possibility of hardening pectic substances or reforming 
of the cellulose fibrillar network behind the bacteria enclosed in the 
infection thread. 
The induction of polygalacturonase in host plants by effective 
strains of rhizobia was presented as evidence supporting this hypothesis 
(Fahraeus and Ljunggren, 1959; Ljunggren and Fahraeus, 1961). The 
hydrolysis of pectin material by the enzyme would result in greater cell 
wall plasticity and localization of polygalacturonase activity at an 
infection site was suggested as a prelude to the formation of an infection 
thread by invagination. Reorientation of root hair growth to create 
invagination was considered by Nutman (1958) to be perhaps caused by the 
action of lAA, formed by rhizobia, upon the processes of intussusception 
occurring in the host's primary cell wall. Studies of infected Trifolium 
parviflorum root hairs by Sahlman and Fahraeus (1963), using electron 
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microscopy, have presented striking photographic evidence for the invagina­
tion of the primary cell wall at the site of initiation of the infection 
thread. 
Root hair curling has been considered essential prior to infection 
(Thornton, 1936) but later investigators have observed that, although 
infection normally occurred in deformed roots, some straight root hairs 
were infected (Nutman, 1965). Considerable evidence has been cited to 
support the role of lAA as the agent causing root hair curling. lAA and 
other auxins have been found capable of deforming legume root hairs but 
auxins had no effect on nonlegumes (Link, 1937; Chen, 1938; Thimann, 1939; 
Georgi and Beguin, 1939). Secretions of nutrients and growth factors 
from legume roots stimulated multiplication of rhizobia present in the 
rhizosphere (West, 1939; Nutman, 1958). Rhizobia were found to produce 
lAA in the presence of plant roots or when tryptophan was added to the 
nutrient media in which the rhizobia were grown (Thimann, 1939; Kefford 
et al. , 1960) and tryptophan was excreted by intact roots of Pisum 
sativum (Rovira, 1956) and other legumes (Kefford £t 1960). 
The latter authors utilized these facts to propose a dominant role in 
infection for IÂA. In their hypothesis, an accumulation of rhizobia 
at a point on the root hair would result in a local high level of lAA 
which would create greater cell wall plasticity and also cause osmotic 
conditions that would result in the retraction of the cell cytoplasm from 
the site of the lAA concentration. As the rhizobia followed the retreat­
ing cytoplasm, the process would continue to form the infection thread by 
invagination, as proposed by Nutman (1956). 
Numerous observations, however, were not in accordance with this 
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concept. Root hair curling, like stimulation of rhizobial multiplication 
in the rhizosphere, r3S a nonspecific reaction and clover strains of 
rhizobia would, for example, induce curling of alfalfa root hairs (Nutman, 
1958). In addition, Sahlman and Fahraeus (1962) presented microscopic 
evidence that the type of root hair curling caused by lAA differed from 
the curling observed prior to infection by rhizobia. From these results 
and experiments with laccase, an enzyme which oxidized lAA and caused no 
observed change in degree of root hair deformation or in nodule number, 
the authors concluded that lAA alone did not cause the root hair deforma­
tion, Kefford e^ a^. (1960) found no increase in nodulation of Trifolium 
pratense by additions of tryptophan. Raggio et £l. (1965) observed no 
effect on nodulation of excised Phaseolus vulgaris roots due to the addi­
tion of one and five ppm tryptophan or two ppm lAA. Georgi and Beguin 
(1939) questioned the significance of lAA in nodule initiation because the 
crown-gall organism Agrobacterium radiobacter transformed tryptophan in 
media into lAA more rapidly than rhizobia, yet did not cause root hair 
curling. No correlation was found between virulent and avirulent strains 
of A. radiobacter and their ability to form lAA in culture media (Locke 
et al. 1938). McCoy (1932), Thornton (1936), Thornton and Nicol (1936) 
and Sahlman and Fahraeus (1962) have reported stimulation of alfalfa 
root hair length and numbers as well as hair deformation or curling 
caused by the addition of sterile secretions of rhizobia. These deforma­
tions could be visibly differentiated from the first stages of deformation 
caused by the addition of viable rhizobia cells only because fewer hairs 
exhibited curling near the tip and elongation was usually greater, after 
8 
inoculation with sterile secretions. Although the point was never dis­
cussed, these results could be used as evidence in a case against con­
version of tryptophan to lAA by rhizobia cells as a necessary reaction 
leading to root hair elongation, deformation and infection. 
After root hair curling and initial penetration of rhizobia into 
the root hairs of the host, the next observed step leading toward nodula-
tion has been the formation of the infection thread through the epidermal 
cell and several layers of cortical cells before nodule initiation. McCoy 
(1932) used similar methods to those for root hairs to conclude that the 
infection thread was surrounded by a definite sheath whose constituents 
were cellulose, perhaps pectose and definitely hemicellulose. Tests for 
calcium pectate were negative. After removal of pectin and hemicellulosic 
materials from root tissue, color tests for cellulose caused a swelling 
and separation of cells, as well as a positive test for cellulose. 
Photographic studies indicated that the infection thread sheath did not 
cross the middle lamella between adjacent cells. McCoy (1932) concluded 
that the sheath was probably a deposit of the host cell and suggested 
that bacteria crossed cell walls by way of plasmodesma. Her conclusions 
regarding the thread sheath constituents were substantiated by Schaede 
(1941) with Vicia faba and Pisum sativum. Schaede also used polarized 
light to substantiate a tubular structure for the sheath, and utilized 
dichroism to indicate similarities in the physical and chemical nature of 
the threads and plant cell walls. Bergersen and Briggs (1958) reported 
electron microscope evidence of the continuity of the thread sheath and 
the host cell membrane, although photographic evidence was not shown. 
During early stages of infection of alfalfa, Thornton (1930) observed 
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first a slime-like matrix at the growing tip of the infection thread 
which, later, was enclosed in a sheath. Activity of the host cell nucleus 
at the time and point of initiation of the infection thread was reported 
by Fahraeus (1957), The nucleus remained close to the growing tip of 
the infection thread as it grew through the epidermal cell and into the 
cortex. Separation of the nucleus from the infection thread resulted in 
abortion of the latter (Fahraeus, 1957; Nutman, 1958). 
Addition of combined nitrogen to the host legume plants has regularly 
been observed to depress nodule formation. The voluminous early litera­
ture in this area has been comprehensively reviewed by Fred et (1932) 
and van Schreven (1959), The depression of nodulation increased with 
larger increments of nitrogen but the amount required to inhibit nodula­
tion varied with growth conditions, species, and the form of combined 
nitrogen. Four different experiments with legumes grown in agar culture 
yielded an inhibiting range of from five to 175 ppm nitrate nitrogen in 
the nutrient media. Twenty-one to 488 ppm nitrogen were required in five 
experiments to inhibit nodulation of plants grown in sand or soil 
(Thornton, 1936), 
Ammonium salts and nitrates have been the forms of combined nitrogen 
most extensively tested for depression of nodulation. Both forms are 
capable of depressing and inhibiting nodulation, but studies of their 
comparative effects have been inconclusive. Fred and Graul (1916) 
observed that sodium nitrate decreased alfalfa nodule number more than 
ammonium sulfate. Their observations were in accordance with those of 
Richardson £t a].. (1957), who found that nitrate depressed nodulation 
of alfalfa, also in sand, more than did ammonium chloride, Ohkawara's 
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(1928) experiments with Gange, Lupin and Serradella indicated that 
ammonium sulfate inhibited nodulation more than nitrates, but this effect 
may have been due to abnormal root development following addition of 
ammonium sulfate. 
Very low levels of combined nitrogen, on the other hand, have 
exhibited a stimulation of nodulation. This effect has been noted with 
soybeans grown in sand (Ludwig and Allison, 1935), alfalfa grown in sand 
(Richardson j^t al., 1957), alfalfa grown in agar (Hallsworth, 1958) and 
Ulex grown in water culture (MacConnell and Bond, 1957), to mention but 
f 
a few. A possible explanation for these results was presented by Gibson 
and Nutman (1960). They observed that low concentrations of nitrogen 
delayed nodulation during early plant growth, which led them to propose 
that increased nodulation occurred because more sites were available for 
infection after the inhibitory level of nitrogen had been assimilated. 
This proposal was possibly a factor in these long-term experiments, but 
other explanations would appear necessary for the stimulation of nodulation 
if nodule number was enhanced by low nitrogen within a week or two after 
inoculation. 
Depression of nodule formation by high nitrogen has been consistently 
overcome by adding carbohydrate such as sucrose (Allison and Ludwig, 
1934 and Raggio e^ a_l. , 1955) dextrose (Wilson, 1940) or mannitol (Raggio 
et al., 1965) to the rooting media or by enhancing photosynthesis by 
additional CO2 or greater light intensity (van Schreven, 1958). The 
addition of sucrose sprayed on leaves improved the size and efficiency 
of nodules but not their number (van Schreven, 1959). Raggio e_t a 1. 
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(1957, 1965) used excised bean roots to study the effects on nodulation 
of combined nitrogen and sugars added both inside and outside the roots. 
Nitrate added to the root base did not depress nodulation, while nitrate 
added externally in concentrations as low as six ppm inhibited nodulation. 
The inhibition by 60 ppm N as nitrate was overcome by the addition of 
five or ten per cent sucrose fed to the root bases or by adding 0.2 per 
cent sucrose, mannitol or L-arabinose externally. 
Several authors have recently proposed that the interaction between 
levels of nitrogen and carbohydrate in nodule inhibition occurs by two 
separate means; one influenced by the C/N ratio within the plant and the 
other acting externally (van Schreven, 1959; Tanner and Anderson, 1963; 
Raggio £t aj^. , 1965). Only the external effects of added nitrogen will 
be considered here. Nitrogen added in the rooting media has been observed 
to block the normal deformation and elongation of root hairs inoculated 
with rhizobia or sterile rhizobial secretions (Thornton, 1936; Thornton 
and Nicol, 1936). Addition of 0.1 per cent NaNO^ or (NH^)2S0^ decreased 
the number of deformations in inoculated root hairs almost to the level 
of the uninoculated controls. As in the nodulation studies just dis­
cussed, low levels of carbohydrate (0.5% dextrose) were able to overcome 
nitrate effects on root hair deformation and, when both nitrate and 
dextrose were added to inoculated roots, normal root hair curling and 
elongation occurred (Thornton, 1936). These results indicated the effects 
of nitrate in inhibiting root hair curling were exerted on the plant 
rather than the bacteria because nitrate overcame the deformation caused 
by sterile bacterial secretions. The depression by combined nitrogen of 
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both nodulation and root hair deformations suggested at least part of 
the inhibition of nodulation occurred prior to or during infection of the 
root hairs. In fact Thornton (1936) found that after three weeks growth, 
one per cent of the inoculated root hairs receiving no nitrate were 
infected but no infected root hairs were seen in any of the cultures 
containing nitrate, where over two thousand root hairs were examined. 
Nitrate nitrogen concentrations ranged from 200 to 1200 ppra. 
Strong evidence for an external effect of nitrate in the inhibition 
of root hair infection was coupled with the facts that rhizobia reduced 
nitrate to nitrite and that nitrite catalytically destroyed lAA to sub­
stantiate a hypothesis for such an external effect (Tanner and Anderson, 
1963). The hypothesis was based on the assumption that lAA was necessary 
for the infection process to occur and suggested that decreased nodulation 
in high nitrate media was due to the lack of lAA in the rhizosphere. 
The early workers considered the infection thread as a defense 
mechanism (Nutman, 1956). Some striking evidence for this type of 
reaction has been shown with fungal phytopathogens. Fungi exhibited 
sheaths around their hyphae when the latter invaded living host tissue, 
but no sheath occurred with infections into dead tissue (GSumann, 1946). 
Nutman (1956) stated that in the absence of rhizobia1 pectic or cellulo-
lytic enzymes, it was generally supposed that entry of rhizobia in root 
hairs occurred by mechanical means similar to those of fungi. Infection 
hyphae have developed pressures of up to seven atmospheres in perforating 
cuticles (Gaumann, 195 0). During infection by fungal hyphae, the nucleus 
has also taken part in the infection, as it does with rhizobia1 infection 
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threads. In many cases, it migrated toward the infection (Pearson, 1931) 
and attached itself to the entering hypha (Allen, 1923). The attraction 
of nuclei to the side of the cell closest to the infection area has been 
observed to occur over at least twenty cell layers (Pearson, 1931), 
This movement of nuclei was attributed to attraction to the area of 
maximum physiological activity (traumatotaxis) (GMumann, 1950). An exten­
sive review of the early literature on the mechanism of fungal infection 
was presented by Pearson (1931). Appressoria have not been found on 
bacteria and active bacterial infection has only been shown to occur on 
non-cutinized areas such as root hairs and stigmas (Hildebrand, 1937). 
Fungal infections also utilize both pectic and cellulolytic enzymes 
to chemically disintegrate the obstructing cell walls or to soften them 
enough to enable the hypha to penetrate into the host (GHumann, 1950). 
The induction of pectic enzymes in the host legume plant by rhizobia has 
been indicated by Ljunggren and Fahraeus (1961). Thus it seemed that 
investigating a range of induced enzymes might be a fruitful area of 
research. Pectic and cellulolytic enzymes immediately suggested them­
selves. Lipase activity was deemed worthy of investigation because most 
membranes included a lipid layer (Setterfield and Bayley, 1961). The high 
cytoplasmic activity within root hairs prior to infection (Raggio and 
Raggio, 1962) also suggested that other enzymes might be enhanced prior 
to and during infection. Acid and alkaline phosphatases were tested as 
indicators of overall metabolic activity. Also, alkaline phosphatase 
activity of rhizobia grown in liquid media was reported by Zelazna (1962) 
and enhancement of this activity by association with the host plant was 
a possibility. 
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Additions of combined nitrogen with or without carbohydrate have given 
marked effects, as reviewed, and these effects were considered useful 
tools in investigating enzymes involved in infection. If enzyme activity 
of inoculated plants differed from that of uninoculated plants, the effect 
of factors affecting infection on enzyme activity would supply additional 
evidence concerning the involvement of a particular enzyme in infection. 
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III. MATERIALS AND METHODS 
A. Enzyme Production 
1. Plant culture 
Suerilized seeds were germinated in cotton-stoppered flasks for two 
days, inoculated and grown one to four more days before the liquid con­
taining the enzymes was extracted. Two hundred seeds of DuPuits alfalfa 
(Medicago sativa L.), Dollard red clover (Trifolium pratense L.) or Merit 
ladino clover (Trifolium repens L.) were placed in autoclaved 250 or 125 
ml Erlenmeyer flasks fitted with cotton stoppers. Sterilizing the seeds 
involved rinsing in 95% ethanol, soaking in 10 ml of a 1:1 mixture of 
0.2% HgCl and 0,2% formaldehyde for 15 minutes, pouring off this liquid 
and soaking the seeds overnight in approximately 30 ml of sterile, dis­
tilled and deionized water. Distilled, deionized water was used through­
out these experiments. 
The following day the seeds were rinsed three times and three ml of 
liquid were added prior to germination. The flasks containing the seeds 
were placed in a growth chamber at 25°C with about 800 foot-candles and 
a 16-hour day. Various treatments were imposed upon the germinating seed­
lings. These included the addition of KNO^ or NH^Cl to the liquid in 
which the seeds germinated,. Concentrations of combined nitrogen ranged 
from 0-100 ppm N. A carbohydrate source as 0.1%, glucose was also added 
both with and without the nitrogen sources. 
2. Culture of rhizobia 
The media used for culture of rhizobia was a Dorn's A5 media without 
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nitrate (Dorn, 1956). The complete composition of the media was: 
Sucrose 20.0 gm 
Asparagine 0.5 gm 
MgSO^-THgO 0.5 gm 
KgHPO^ 0.7 gm 
KHgPO^ 0.3 gm 
KHgPO^ 0.3 gm 
NaCl 0.2 gm 
CaSO, •2H„0 
4 I 0.1 gm 
Fe2(80^)3.9H2O 0.01 • gm 
Difco yeast extract 0.5 gm 
As needed. Agar 12.0 gm 
Water 100 ml 
pH adjusted to 6.5 
Pure cultures were maintained on seven ml media slants in 16 x 125 
mm screw-cap glass vials. Three different strains of rhizobia were used 
in these experiments. They were Rhizobium meliloti Dangeard (strain Su 
388, Dr. J. M. Vincent, C.S.I.R.O.) and R. trifolii Dangeard (strains 205 
and 238, Dr. 0. N. Allen, University of Wisconsin, Madison). These 
strains were isolated from alfalfa, red clover and ladino clover respect­
ively. 
Cultures were transferred by streaking with a platinum loop onto 
fresh slants. 
3. Preparation of cell-free polysaccharide extracts from rhizobia 
The preparation of rhizobia extracts was adapted from Ljunggren and 
Fahraeus (1959). To prepare a culture for extraction, a suspension of 
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cells was made by adding five ml of water to a vial and shaking the cells 
off the slant until a thick suspension was obtained. This was added to 
50 ml of the media without agar in a 250 ml Erlenmeyer flask which was 
placed on a reciprocating platform shaker for two days. The cell suspen­
sion obtained was boiled in 22 x 175 mm Pyrex test tubes on a micro-
Kjeldahl digestion rack for 15 minutes. After cooling, the boiled cell 
suspension was centrifuged at 3000 x g for 20 minutes. The supernatant 
was passed through a bacterial filter and the filtrate was collected in 
an autoclaved suction flask. Samples of the filtrate were plated on the 
media in petri plates to determine whether these cell-free polysaccharide 
extracts were sterile, 
4. Plant inoculation 
After most of the seeds had germinated and the cotyledons turned 
green, the seedlings were inoculated. This usually occurred three days 
after the beginning of germination. To inoculate plants with viable 
rhizobia, five ml of water were autoclaved, cooled and added to four-day 
old slants of the desired strain. The rhizobia were washed off the slant 
until a suspension was formed with a cell concentration corresponding 
approximately to an optical density of 0.15 at 420 m^. The optical density 
of sample cell suspensions was read periodically on a Bausch and Lomb 
Spectronic 505 recording spectrophotometer. The cell suspension was 
added to the flask containing seedlings using aseptic technique. For 
various treatments, inorganic nitrogen or carbohydrate was added to the 
water before it was pipetted into the vials and autoclaved. 
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5. Collection of enzymes in liquid and extract fractions 
Following inoculation, the plants were grown for three additional 
days or for specified lengths of time in the growth chamber. A few 
developed visible fungal contaminants and were discarded. The liquid 
surrounding the roots of the uncontaminated plants was removed as complete­
ly as possible with a one or two ml pipette and the total volume collected 
was recorded. Collection was facilitated by equipping the pipette with 
a Propipette pipette actuator.^ This collected fraction was subsequently 
tested for enzyme activity and was designated "liquid fraction"'. During 
removal of this fraction the flasks were laid on their sides to have the 
liquid drain from the roots. The seedlings were disturbed as little as 
possible so the roots remained along the bottom of the flask. 
Bound enzymes were extracted by the use of a buffered saline solution 
as suggested by Glasziou (1957) and Fahraeus and Ljunggren (1959). To 
each flask were added 5 ml of 5% Nad (w/v) in 0.01 M phosphate buffer. 
The pH of this extracting solution was 7.8. The flasks were placed on a 
reciprocating platform shaker for one hour and the liquid collected as 
before. In most cases the cotyledons were not affected by this process. 
The liquid collected was designated "extract fraction" and usually was 
tested for enzyme activity without further treatment. Some extract frac­
tion samples were dialyzed for eight hours against 10 liters of deionized 
distilled water at 4°C with constant stirring. 
^Obtained from Matheson Scientific Inc., Chicago, 111. 
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6 .  Culture of fungi 
A fungus isolated from contaminated alfalfa seedlings was keyed to 
a tentative identity as Rhizopus nigricans Ehrenb., using Oilman's (1957) 
manual. It was selected because it exhibited high polygalacturonase 
activity, even when present in seedling cultures only in small amounts. 
The fungus was cultured on a synthetic liquid media (Sequeira and 
Steeves, 1954) with the following composition: 
Glucose 20.0 gm 
Ammonium tartrate 9.2 gm 
KHgPO, 5.8 gm 
MgSO^'TH^O 2.5 gm 
FeCl^'ôHgO (1% solution) 0.6 ml 
Thiamine HCl 100 fig 
Deionized distilled water 1000 ml 
After stirring the components into solution this stock solution was 
divided into 100 ml aliquots and KNO^ or KNO^ was added to the aliquots 
to give a range of 0-100 ppm N as KNO^ and 0-80 ppm N as KNO^. Ten ml 
of this nutrient media were added to 22 x 175 mm test tubes fitted with 
tight cotton stoppers and the tubes were autoclaved. Rhizopus inoculum 
from a stock culture growing on 50 ml of the unaltered media in a 250 
ml Erlenmeyer flask was transferred using a platinum loop to the auto­
claved tubes after they had cooled. 
The amount of fungus transferred was similar for all tubes. Growth 
of the fungus was allowed to proceed for four or five days. The liquid 
media was then tested for the presence of polygalacturonase. 
l'A," 
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B. Enzyme Assays 
1. Polygalacturonase (PG) 
The assay for PG involved the measurement of the rate of decrease in 
viscosity of a buffered pectin substrate. This technique is the most 
sensitive of the common PG measurements (Kertesz, 1951; Smith, 1958). 
The substrate most commonly used was that of Fahraeus and Ljunggren 
(1959). The exact conditions of their experiments and the later experi­
ments of Ljunggren and Fahraeus (1961) were duplicated in an effort to 
reproduce their results. The constituents of this substrate are given in 
Table 1. 
Stock solutions of acetate buffer and NaCl were made up for use in 
this substrate but the low methoxyl pectin was dispersed into a colloidal 
suspension before each assay. Low methoxyl pectin was sparingly soluble 
in water and pectin added to water was stirred on a magnetic stirrer over­
night to form the suspension. No solvent such as ethanol was added to 
increase the rate of dispersion. The pectin suspension, buffer and salt 
solution were mixed before being pipetted into viscometers. 
Various experiments were conducted to determine if plants inoculated 
with effective strains or with the polysaccharide extracts of effective 
strains produced more PG than did uninoculated plants or plants inoculated 
with noninfective strains. Fungus PG activity also was tested using this 
substrate. 
Ljunggren and Fahraeus (1961) had noted that calcium ions interfered 
with their PG assay. For this reason, all glassware used was routinely 
cleaned in dichroraate cleaning solution. Further, in one experiment 
plants were grown in 10 M EDTA rather than water in an attempt to tie 
up calcium ions from the seeds. Rhizobia were washed off slants with 10~^ 
M EDTA and this cell suspension was used to inoculate the seedlings. 
A range of substrates and reaction conditions shown to be optimal 
for various hydrolytic pectic enzymes also were used to test for pectic 
enzymes from inoculated legumes (see Table 1). The extracted alfalfa 
pectin was removed from eight-day-old uninoculated alfalfa seedlings. Hot 
water was used as an extractant to remove pectin as suggested by Ordin and 
Bonner (1957). The seeds were germinated as described and the contents 
of each flask, which originally contained 200 seeds, were transferred to 
a 30 X 200 mm test tube. Fifteen ml of deionized water were added and 
the tubes were placed in a boiling water bath for 30 minutes. After 
cooling, the liquid recovered was centrifuged at 3000 x g. This super­
natant was mixed with buffer and NaCl solution before addition to vis­
cometers . 
Sodium polypectate was added to the phosphate buffer before mixing 
on a magnetic stirrer. Similarly, the pectin N.F. and NaCl were added to 
acetate buffer and pectin N.F. was added to phosphate buffer before mixing. 
For each of the assays, four ml of the substrate were added to each 
viscometer. Two sets of viscometers were used. The assays for PG with 
buffered low methoxyl pectin substrate and with extracted alfalfa pectin 
were conducted in Ostwald viscometers with a range in delivery time for 
water of about 80 to 110 seconds at 30°. Assays using the other sub­
strates were run in a matched set of Ostwald-Cannon-Fenske viscometers 
(size 150) with a delivery time for water of 23-24 seconds at 30°. All 
assays were conducted in constant temperature water baths at 30°. 
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Table 1. Substrates for hydrolytic pectic enzymes 
Buffered low methoxyl pectin 
17c low methoxyl pectin^ 
0.1 M acetate buffer, pH 5.0 
5% NaCl 
Reference: Fahraeus and Ljunggren (1959) 
Unbuffered low methoxyl pectin 









References: adapted from Dingle £t al_. (1953) and Luh and Phaff 
(1951) 
Buffered extracted alfalfa pectin 
Extracted alfalfa pectin 
0.1 M acetate buffer, pH 5.0 
57c NaCl 
Buffered sodium polypectate 
Sodium polypectate^ 
0.01 M phosphate buffer 
NaCl 







Low methoxyl citrus pectin No. 7366. Matheson, Coleman and Bell, 
Norwood (Cincinnati), Ohio. 
^Sodium polypectate No. 6357. Nutritional Biochemicals Corporation, 
Cleveland, Ohio. 
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Table 1. (Continued) 
Buffered acidic high methoxyl pectin 
Pectin N.F,^ 0.5% 
0.1 M acetate buffer pH 5.0 
Nad 0.5% 
Reference: adapted from Seegmiller and Jansen (1952) 
Buffered basic high methoxyl pectin 
Pectin N.F.c 0.5% 
0.1 M phosphate buffer pH 7.8 
NaCl none 
Reference: adapted from Wood (1951) 
'^Sunkist pectin N.F. Pure citrus pectin No. 3442. Sunkist Growers 
Inc., 720 East Sunkist Street, Ontario, California. Pectin N.F. conforms 
to National Formulary (American Pharmaceutical Association, 1960) 
specifications. 
All fractions tested for enzyme activity were equilibrated to the 
constant temperature and at zero time one ml of the fraction was added to 
the four ml of substrate in the viscometer. This assay medium was mixed 
by blowing through the viscometer and part of the liquid was drawn up 
into the upper bulb of the viscometer. The flow time was recorded 
immediately (initial flow time) and after designated periods of time. 
Activity was expressed as per cent decrease in viscosity according 
to the formula of Landis and Redfern (1947): 
decrease in flow time 
initial flow time - completely hydrolyzed flow time 
X 100% 
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Completely hydrolyzed flow time was determined by substituting an 
equal concentration (w/v) of a-D-galacturonic acid^ for the various 
pectins in the substrates and adding one ml of water rather than enzyme. 
In the case of the extracted alfalfa pectin, the completely hydrolyzed 
flow times used in the calculations were those obtained with buffered low 
methoxyl pectin substrate. This was necessary because the concentration 
of the alfalfa pectin was not known. These "completely hydrolyzed" flow 
times were only very slightly greater than delivery times for water alone. 
At least one boiled enzyme sample was included in each experiment as 
a control. Enzymes solutions were boiled for fifteen minutes in 22 x 
175 mm test tubes on a micro-Kjeldahl digestion rack. 
2. Pectin methyl esterase (PME) 
PME activity was measured by titration of the carboxyl groups 
liberated by enzymic removal of pectin methyl esters. The assay was 
adapted from Fahraeus and Ljunggren (1959). Initial studies had indicated 
that decreasing their reaction mixture by one half did not decrease the 
amount of base required to neutralize the liberated acidic groups. Thus 
the reaction mixture consisted of: 
1% (w/v) pectin N.F. 2 12.5 ml 
57= NaCl 1.25 ml 
Enzyme solution 
0.1 NaOH to adjust the pH to 7.5 
I 
a-D-galacturonic acid (Practical) No. P4607. Eastman Organic 
Chemicals, Rochester 3, New York. 
2 
Sunkist pectin N.F. Pure citrus pectin No. 3442. Sunkist Growers 
Inc., 720 East Sunkist Street, Ontario, California. 
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When extracted fractions were assayed, 5 ml of enzyme solution were 
added to the reaction mixture. The total amount of liquid recovered from 
around the roots was used to assay for liquid-fraction PME. A Beckman 
Zeromatic pH meter equipped with a single combination electrode was used 
and the reaction mixtures were mixed in 100 ml beakers on a magnetic 
stirrer. 
After adjustment to pH 7.5 the samples were allowed to react for 
one hour at 25". During this hour the pH decreased and the samples were 
titrated back to pH 7.5 with 0.005 N NaOH. At least one sample contain­
ing boiled enzyme solution was included in each experiment. Activity was 
expressed as the number of ml of 0.005 N NaOH required to adjust the pH 
to 7.5. 
Experiments were conducted to determine the effect of inoculation 
by effective and noninfective strains of rhizobia on the PME activity in 
legumes. The effects of added KNO^, NH^Cl and glucose also were inves­
tigated. Another experiment was designed to show when differences began 
to appear. In this experiment extract fractions were tested for PME 
activity immediately following inoculation and after one, two and four 
subsequent days. 
3. Pectin gel formation 
The rate of formation of pectin gels was determined by following the 
increase in viscosity of a buffered pectin plus CaClg substrate. This 
assay was run in an attempt to learn more about the action of pectin 
methyl esterase. McCollock et (1946) had reported that partially 
demethylated pectin could form gels without the addition of sugars if 
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calcium ions and NaCl were present and the substrate had a neutral or 
alkaline pH. Therefore the buffered basic high methoxyl pectin substrate 
from Table 1 was altered by the addition of 0.00125 M CaClg (one ml of 
0.1 M CaClg in 79 ml of 0.01 M phosphate buffer) and 0.5 per cent NaCl. 
The final pH of this substrate was 7.3. Assays at pH 4.3 and 5.0 were 
run by adding the same amount of CaCl^ to the unbuffered low methoxyl 
and buffered low methoxyl pectin substrates in Table 1. The assays were 
identical to the one described for polygalacturonase except that flow 
time increased rather than decreased during the assay and activity was 
expressed as per cent increased in viscosity according to the formula; 
flow time at time t - initial flow time ^ 1007 
initial flow time - completely hydrolyzed flow time 
The matched set of OstwaId-Cannon-Fenske viscometers was used in a 
30° water bath and the completely hydrolyzed flow times used were those 
determined in the PG assay. Boiled enzyme samples were also tested for 
gel formation activity in all experiments. Legumes inoculated with 
effective and noninfective strains of rhizobia and uninoculated legumes 
were tested for enzymes causing gel formation. The effects of combined 
nitrogen on enzyme production by the plants were also studied. 
4. Cellulase 
Cellulase activity was determined by measuring the rate of decrease 
in viscosity of a solution of sodium carboxymethylcellulose. The assay 
was adapted from Spalding (1963). A solution of 0.8% (w/v) sodium 
carboxymethylcellulose^ was prepared by dissolving the powder in cold 
^Hercules Cellulose Gum. Hercules Powder Co. Inc., Wilmington 99, 
Delaware. 
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water using a magnetic stirrer. This solution was mixed in a 1:4 ratio 
with 0.5 M acetate buffer at pH 4.4. Four ml of this buffered substrate 
were added to Ostwald-Cannon-Fenske viscometers (size 150) in a constant 
temperature water bath at 30°. 
Liquid tested for enzyme activity was equilibrated to 30° and at zero 
time one ml of liquid was added to the buffered substrate in a viscometer. 
After mixing, flow time was recorded immediately and after the periods of 
time reported. Activity was again expressed as per cent decrease in 
viscosity. Since enzymes from fungi exhibiting high cellulase activity 
decreased the flow time until it asymptotically approached water flow 
time, the completely hydrolyzed flow time and the time required for water 
to flow out of the viscometer were considered synonymous. 
Cellulase activity of uninoculated and inoculated legumes was inves­
tigated. 
5. Lipase 
The decrease in turbidity of tributyrin^ suspensions during hydroly­
sis was used as an assay for lipase activity. The method used was that 
of Rottem and Razin (1964). A suspension of 32 u moles of tributyrin 
per ml of 0.02 M phosphate buffer at pH 7.5 was prepared by ultrasonic 
vibration. The tributyrin and buffer were treated at 1.3 amperes for 
five minutes with an MSB ultrasonic probe. New suspensions were formed 
prior to each experiment. 
^Tributyrin No. 5722. B.P. 160-163°C/3mm. Matheson, Coleman and 
Bell, Norwood (Cincinnati), Ohio. 
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Liquid from around the roots of the legumes (liquid fraction) was 
centrifuged at 3000 x g for 20 minutes, then buffered by the addition of 
sufficient 0.2 M phosphate buffer at pH 7.5 to produce an enzyme solution 
in 0.02 M phosphate buffer. Buffered enzyme solutions were prepared from 
inoculated and uninoculated seedlings. Three ml of these solutions were 
incubated in a 37° water bath. 0.2 ml of tributyrin suspension was 
pipetted into each sample and absorbance was read immediately on a 
Spectronic 20 spectrophotometer at 625 m^. The absorbance was also read 
after 10, 20 and 30 minutes of further incubation at 37°. 
Extract fraction liquid from inoculated and uninoculated plants was 
similarly tested for lipase activity. Extraction was modified by the use 
of a 5% Nad solution in 0.02 M phosphate buffer at pH 7.5 for 1 hour. 
The extracted liquid was centrifuged and tested without further treatment 
for lipase by adding 0.2 ml of substrate and measuring absorbance as 
described. Results for all lipase assays were expressed as absorbance 
values obtained. Boiled samples from both fractions were included as 
controls. 
6. Acid phosphatase 
The initial rate of hydrolysis of acidic o-carboxy phenyl phosphate 
by liquid and extract fraction enzyme solutions was followed by measur­
ing the rate of increase in absorbancy at 297 m^. Acid phosphatase 
hydrolyzes o-carboxy phenyl phosphate to liberate phosphoric acid and 
salicylic acid which has a sharp absorbance peak at about 297 m^. 
The assay used was based on the methods of Brandenberger and Hanson 
(1953). The following reagents were pipetted into quartz cuvettes: 
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0.00365 M o-carboxy phenyl phosphate^ (20 rag/25 ml water) 0.5 ml 
0.15 M acetate buffer, pH 5.0 2.0 ml 
Liquid or extract fraction enzyme solutions 0.5 ml 
Immediately after addition of the enzyme solution absorbancy was 
read against 4.0 ml of the acetate buffer using a Bausch and Lomb 
Spectronic 505 recording spectrophotometer. Subsequent absorbancy read­
ings were taken following three ten-minute intervals. Controls were run 
with boiled enzyme solutions. Activity was expressed as micromoles of 
-4 
salicyclic acid liberated per minute at 25°. Standard curves for 10 
-5 
and 10 M salicylic acid were prepared by running a spectrum of these 
solutions against 0.15 M acetate buffer (pH 5.0) and the molar absorbancy 
of salicylic acid was calculated from these curves. 
Acid phosphatase activity of inoculated and uninoculated legumes 
was determined and the effect on enzyme activity of adding combined 
nitrogen to the plants was also investigated. 
7. Alkaline phosphatase 
The rate of enzyme-mediated salicylic acid liberation from alkaline 
o-carboxy phenyl phosphate was measured to determine alkaline 
phosphatase activity. This assay was also adapted from the methods of 
Brandenberger and Hanson (1953). 
brthington Biochemical Corporation, Freehold, New Jersey, 
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C. Nodulation Studies 
Two experiments were designed to study the effect of various 
compounds on nodulation of alfalfa. Alfalfa seed was sterilized by the 
method described. Twenty-six ml aliquots of ha If-strength nitrogen-free 
nutrient solution were added to plastic Dispo Growth Pouches,^ The full 
strength nutrient solution was prepared according to Brown (1965) and 
consisted of the following in deionized water: 
KHgPO, 0.005 M 
MgSO.-THgO 0.002 M 
KSO, 0.002 M 
2 
Chelated iron 0.6 ppm 
Mn as MnCl^ 0.3 ppm 
pH adjusted to 7.0 
Strips of paper were placed in the openings of the growth pouches 
to prevent closure during sterilization and the pouches were autoclaved 
for 20 minutes at 15 pounds pressure. After cooling, treatment materials 
were added. 
In the first experiment three ml samples of water containing 0, 
100, 500 and 1000 ppm N as KNO^ or NH^Cl were autoclaved separately, 
cooled and added to the autoclaved growth pouches. The strips of paper 
were removed and 20 sterile alfalfa seeds were placed in the trough of 
each growth pouch. Each nitrogen concentration treatment was replicated 
^Available from Scientific Products Co., Chicago, Illinois. 
2 
Sequestrene 138 Fe. Geigy Chemical Corporation, Ardsley, New York. 
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six times. After later addition of one ml of rhizobia suspension, the 
final nitrogen concentrations were 0, 10, 50 and 100 ppm. 
The growth pouches were placed in a growth chamber at 25° with 1000 
foot-candles and a 16-hour day. After four days, all pouches were 
inoculated with one ml of a thick suspension of strain Su 388 rhizobia. 
These had been cultured in nitrogen-free Dorn's A^ media. The appearance 
of both roots and nodules was recorded over a period of 24 days after 
inoculation. 
In the second experiment, three ml aliquots from one per cent solu­
tions of sodium carboxymethylcellulose, sodium polypectate, low methoxyl 
pectin and high methoxyl pectin (pectin N.F.) as well as three ml of 
water as a control were added to the nutrient solution in the plastic 
pouches. No nitrogen was added to any pouches. Of the five materials 
added as treatment, only the water was sterile. Each treatment was 
replicated six times. The final concentration of all the added materials 
was 0.1 per cent. The culture and inoculation of the plants were similar 
to those in the first experiment. 
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IV. RESULTS 
A. Enzyme Production 
1. General 
Germination of alfalfa and ladino seeds was more complete than red 
clover seed germination. About one-third to one-half of the red clover 
seeds were dormant. Fungal contaminants developed most frequently on 
dormant seeds of all species. Alfalfa seedlings were more vigorous than 
the other two species and were used in the majority of the experiments. 
2. Polygalacturonase (PG) 
Any enzyme capable of hydrolyzing intra-chain linkages of pectin or 
pectin derivatives is referred to as polygalacturonase (PG) in this section 
after the practice established by Fahraeus and Ljunggren (1959). In many 
cases the hydrolysis would not occur between galacturonic acid residues 
but rather between galacturonic acid residues modified by the addition 
of methoxyl esters or between sodium salts of galacturonic acid residues. 
The legumes tested exhibited a small amount of PG activity but no 
consistent differences in the PG activity of uninoculated and inoculated 
seedlings were detected. In the Tables 2 to 15 polygalacturonase activity 
is indicated by positive values for per cent decrease in viscosity. 
Negative values represent an increase in viscosity. 
An extensive study was performed (Tables 2-9) in an attempt to 
duplicate the results of Fahraeus and Ljunggren (1959) and Ljunggren and 
Fahraeus (1959, 1961). Their observations indicated that adding effective 
strains of rhizobia to host legumes resulted in the production of PG to 
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approximately ten times the level of PG found with legumes inoculated 
with noninfective strains or with uninoculated legumes. No consistent 
substantiation of these results was observed. Occasionally one replicate 
exhibited high activity (cf. Table 3, lines 2 and 12) but this occasional 
high activity did not occur exclusively in enzyme solutions from legumes 
inoculated with effective strains of rhizobia. When high activity was 
observed, the plants in the corresponding flask were reobserved to deter­
mine if fungal contaminants were present. Most fungi were observed to 
produce high levels of PG. Some cases of high activity occurred in the 
absence of detectable fungal contamination and these observations were 
included in this section (e.g. Table 6, line 4). 
Table 2 illustrates sample raw data. Red clover was not induced to 
consistently produce higher PG by the addition of the infective strain 
205. The uninoculated samples were run several hours before the inoculated 
ones. Higher initial flow times for the uninoculated samples indicated 
that the substrate preparation was not stable and should be prepared 
prior to each assay. 
Sample data from assays with alfalfa are shown in Tables 3 and 4. 
The effective strain Su 388 did not induce higher PG levels than were 
present in uninoculated alfalfa or in alfalfa inoculated with the non-
infective strain 205. Strain 205 rhizobia were originally isolated from 
red clover and cause the formation of nodules on clover but not alfalfa. 
Conversely, alfalfa strain Su 388 causes nodule formation on alfalfa but 
not clover. 
The results from boiled samples were included to illustrate that 
often the absence of PG resulted in a slight increase in viscosity. 
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Table 2. Polygalacturonase activity of the liquid fraction from uninocu-
lated and inoculated red clover seedlings^ 
Inoculum Replicate Completely Initial 1 hr. % 
added hydrolyzed flow flow decrease 
flow time time time in 
(sec.) (sec.) (sec.) viscosity 
None 1 91 468  462  1.6 
2 88  480 473 1.8 
3 79 304 299  2.2 
Ave. 1.9 
Red clover 1 103 322  313 4.1 
strain 204 
2 84  261 259 1.1 
3 81  247 244 1.8 
Ave. 2.3 
Red clover 84 402 403 -0.3 
strain 205 
Boiled enzyme 
^Substrate: buffered low methoxyl pectin. 
These boiled controls served as a convenient means of detecting very 
slight changes in water bath temperatures. 
Fahraeus and Ljunggren (1961) reported that traces of calcium 
interfered with the assay for PG. Attempts to remove calcium ions from 
the assay media resulted in the observations in Tables 5 and 6. 
The addition of 10 M ethylenediaminetetraacetic acid (EDTA) in 
the substrate did not result in higher PG activity in the samples 
inoculated with the effective strain Su 388 than in the other samples 
(Table 5). This indicated that interference in the assay by calcium was 
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Table 3. Polygalacturonase activity of the liquid fraction from 
uninoculated alfalfa seedlings and alfalfa seedlings inoculated 
with effective and noninfective strains of rhizobia^ 
Inoculum Replicate % decrease in viscosity 
added Experiment I Experiment II 
1 hr. 24 hr, 8 hr. 
None 1 0 -0.5 7.3 
2 18.7 24.7 5.6 
3 1.7 12.0 -1.6 
4 0.4 3.0 
Ave. 5.2 9 .8  3.8 
Red clover 1 0.9 6.5 
strain 205 
2 1.1 7.0 
Ave. 1.0 6 .8  
Alfalfa 1 1.8 3.6 5.2 
strain Su 388 
2 -1.1 2.2 5.9 
3 2.2 6.5 -0.8 
4 4.0 20 .8  
Ave. 1.7 8 .3  3.4 
Alfalfa -0.9 -0.7 -1.4 
strain Su 388 
Boiled enzyme 
^Substrate: buffered low methoxyl pectin. 
not the reason for the failure to substantiate the results in the litera­
ture. Calcium accumulation in legume seeds was a possible source of inter-
-4 
ference in the activity of PG. The addition of 10 M EDTA to germinat­
ing seeds and at the time of inoculation was designed to tie up calcium 
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Table 4. Polygalacturonase activity of the liquid fraction from 
uninoculated and inoculated alfalfa seedlings^ 
Inoculum Replicate % decrease in viscosity 
added 1 hr, 24 hr. 
None 1 2.5 3.9 
2 1.6 2.8 
Ave. 2.1 3.4 
Alfalfa 1 1.4 2.5 
strain 
2 2.6 4.2 
3 4.5 10.5 
4 1.3 3.8 
5 2.0 4.1 
6 1.3 5.2 
Ave. 2.2 5.1 





^Substrate : buffered low methoxyl pectin. 
ions in the growth media. This treatment also did not result in high PG 
activity from the alfalfa inoculated with an effective strain of 
rhizobia (Table 6). The high PG activity which developed in alfalfa 
inoculated with the noninfective rhizobia from red clover was not present 
when EDTA was included in the substrate but not in the growth media 
(Table 5). Although no such growth were detected, this exceptional 
activity could have been due to bacterial or fungal contaminants. 
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Table 5. The effect of 10 M EDTA. in buffered low methoxyl pectin 
substrate on alfalfa polygalacturonase^ 
Inoculum Replicate % decrease in viscosity 
added 1 hr. 24 hr. 
None -3.3 4.9 
Red clover 3.6 6.0 
strain 205 
Alfalfa 1 3.0 5.4 
strain 
Su 388 2 1.0 3.3 
3 0.8 5.5 
4 10.1 12.5 
Ave. 3.7 6.7 





^Liquid fraction enzyme solution assayed. 
The lack of high PG activity in the presence of compatible hosts and 
rhizobia could also have been due to adsorption of the enzyme on the 
rhizobia with subsequent inactivation. Ljunggren and Fahraeus (1959) had 
reported that the polysaccharide extract from an effective strain of 
rhizobia could induce the formation of PG in the host plant. Adding the 
extract from the rhizobia allowed the omission of the rhizobia cells 
from the flasks containing the germinating seeds. The results of such 
an experiment indicated (Table 7) PG activities of alfalfa inoculated 
with the effective strain Su 388 or with polysaccharide extract from Su 
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Replicate % decrease in viscosity 






















8 . 6  
5.2 
27.5 
1 . 6  
5.6 
















Substrate: buffered low methoxyl pectin. Liquid fraction enzyme 
solution assayed. 
388 were not greatly different. Two of the three samples inoculated with 
the extract exhibited PG activities similar to those for the samples 
inoculated with viable cells. Neither strain Su 388 nor its extract, 
when added to alfalfa, consistently caused PG activities of the magnitude 
reported by Ljunggren and Fahraeus (1959). 
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Table 7. Polygalacturonase activity of the liquid fraction from 
uninoculated alfalfa seedlings and seedlings inoculated with 
rhizobial cells and cell extracts^ 






Su 388 extract 
1 -1.0 1.2 18.5 
2 2.7 3.2 
3 0.3 2.6 
Ave. -1.0 1.4 8.1 
Boiled enzyme -1.4 
^Substrate: buffered low methoxyl pectin. 
Fahraeus and Ljunggren (1959) reported a slight decrease in PG 
activity when 33 ppm N as NaNO^ were included in the culture media of 
alfalfa inoculated with effective rhizobia and a large decrease in activity 
following the addition of 330 ppm N when activities were compared to 
those produced by inoculated legumes which grew without added nitrates. 
In these experiments, when KNO^ was added to alfalfa plants at a 
concentration of above 40 ppm N, the PG activity was consistently lower 
than when no nitrogen was added. This result occurred in both inoculated 
and uninoculated samples (Table 8) and was true when both liquid and 
extract fraction enzyme solutions were assayed (Tables 8 and 9). Activi­
ties of liquid and extract fractions from the same sample showed good 
correlation (cf. 0 N levels of liquid and extract fractions in Table 9). 
In the experiments reported in Tables 8 and 9 there was a stimulation of 
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Table 8. Effect of KNO^ on liquid fraction polygalacturonase production 
by uninoculated and inoculated alfalfa^ 
ppm N % decrease in viscosity at 8 hours 
Uninoculated Inoculated with 
alfalfa strain 
Su 388 
0 4.8 4.1 
10 4.1 7.6 
20 3.1 6.1 
30 1.5 2.4 
40 5.1 
b 
50 4.0 2.0 
75 3.2 2.1 
100 3.6 1.7 
Ave. 3.7 3.7 
0 N Boiled enzyme 0.6 
^Substrate: buffered low methoxyl pectin. 
^Sample contained fungal contaminant. Assay value = 21.5%. 
PG activity by low levels of KNO^ in four of six treatments. The stimula­
tion was not restricted to inoculated or uninoculated strains. In other 
experiments not reported here high PG activity frequently occurred in the 
range of 10-30 ppm N as KNO^. Since PG produced by fungal contaminants 
also appeared to be enhanced by low levels of KNO^, cultures of Rhizopus 
nigricans Ehrenb. were grown in media containing a range of concentrations 
of and KNO^. The results of assays for fungal PG (Table 10) 
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Table 9, Effect of KNO^ on polygalacturonase production by uninoculated 
and inoculated alfalfa^ 
Fraction ppm N % decrease in viscosity at 8 hours 
as KNO^ 
Inoculum added Ave. 






Rep. 1 Rep. 2 
Extract 0 2.5 5.2 6.7 5.4 5.0 
10 7.4 6.7 5.1 2 8 . 6  12.0 
20 9.5 7.4 4.2 5.6 6.7 
30 14.5 8 . 0  5.5 4.2 8.1 
40 1.8 3.0 1.7 2.1 2.2 
50 2.5 2.0 3.0 5.8 3.3 
Ave. 6.4 5.4 4.4 8 . 6  6.2 
0 N Boiled enzyme -1.6 
Liquid 0 4.8 6.5 8.1 6.1 6.4 
0 N Boiled enzyme -1.4 
^Substrate: buffered low methoxyl pectin. 
indicated that both KNO^ and KNO2 above 30 ppm suppressed PG production 
by the fungus. Results obtained with 10 ppm N as KNO^ and 10 and 20 ppm 
N as KNOg suggested that low concentrations of nitrate and nitrite were 
capable of enhancing PG production by Rhizopus. These effects on PG 
production by added nitrate or nitrite were observed when the fungus was 
grown in a media containing a concentration of 1400 ppm N as ammonium 
tartrate. The results would suggest that high concentrations of ammonium 
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Table 10. Effect of KNO^ and KNO^ on polygalacturonase from Rhizopus 
nigricans Ehrenb^ 
ppm N Replicate % decrease in viscosity at 1 hour 
Source of N 
KNO KNOg 
0 1 19.0 4.7 
2 5.2 7.5 
Ave. 12.1 6.1 
10 1 21.2 6.0 
2 37 .6  20.4 
Ave. 29.4 13.2 
20 1 4.0 11.8 
2 14.4 12.7 
Ave. 9.2 12.3 
30 1 26 .9  
2 0.6 
Ave. 13.8 
40 1 1.6 9.4 
2 6.4 2.8 
Ave. 4.0 6.1 
50 1 7.6 
2 6.5 
Ave. 7.1 
60 1 13.4 
2 3.0 
Ave. 8 .2  
^Substrate: buffered low methoxyl pectin. 
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Table 10. (Continued) 
ppm N Replicate % decrease in viscosity at 1 hour 
Source of N 
KNO 
70 1 4.1 
2 2.9 
Ave. 3.5 
80 1 2 . 0  2.1 
2 7.4 2.9 
Ave. 4.7 2.5 
90 1 0.0 
2 2.5 
Ave. 1.3 
100 1 5.0 
2 4.9 
Ave. 5.0 
nitrogen did not depress PG production by the fungus to the same extent 
as nitrate or nitrite nitrogen did. 
Low ester pectin was used as a substrate for pectic enzymes of yeast 
by Luh and Phaff (1951). Smith (1958) reported that with this substrate 
NaCl contracted and lowered the optimum pH range and that the pH optimum 
was around 3.5. Thus, unbuffered low methoxyl pectin without NaCl was 
used as a substrate to determine PG activity of uninoculated and inoculated 
alfalfa (Table 11). Slight increases in viscosity during the assay 
occurred regularly and all treatments gave similar results. The boiled 
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Table 11. Polygalacturonase activity of the liquid fraction enzyme 
solution from alfalfa assayed at pH 4,3 with unbuffered low 
methoxyl pectin substrate 















Ave. -0.8 -0.3 -0.7 
Controls wnf^ 
1.7b 
^Would not flow. The enzyme solution from an uninoculated sample 
was boiled and 1 ml added to the substrate caused the immediate formation 
of a gel in the viscometer. 
Enzyme solution was replaced with water. 
enzyme solution from uninoculated samples caused the rapid formation of 
a gel in each of three trials. The only plausible explanation for this 
results would be that boiling caused a concentration of calcium in the 
liquid and that calcium pectate gels formed rapidly in the unbuffered 
low methoxyl pectin. Low methoxyl pectin forms gels much more readily 
than normal pectin (McCollock e^ aj^. , 1946). 
An attempt was made to determine if there was a pectin-hydrolyzing 
enzyme produced by alfalfa inoculated with effective rhizobia and if this 
enzyme utilized alfalfa pectin as a specific substrate. A crude alfalfa 
pectin was used as a substrate to test PG activity of uninoculated and 
inoculated alfalfa (Table 12). There was an immediate increase in 
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Table 12, Polygalacturonase activity of the liquid fraction enzyme 
solution from alfalfa assayed at pH 5.0 with buffered extracted 
alfalfa pectin substrate 
Inoculum Replicate 7o decrease in viscosity 
added 1 hour 12 hours 24 hours 
None -21.4 -6.6 14.4 
Red clover 
strain 205^ 
17.8 26 .9  28 .5  
Alfalfa 









Ave. -12.2 3.5 17.8 
Control^ 0.8 0 0.8 
^These assays were run with enzyme solution from flasks containing 
fungal contaminants. 
Water was added to substrate. 
viscosity of the assay medium in each case where enzyme solutions from 
uncontaminated samples were used. This was followed by a subsequent 
decrease in viscosity at about the same rate for both the uninoculated 
alfalfa and alfalfa inoculated with effective strain Su 388. Contaminated 
samples had exhibited high PG activity with buffered low methoxyl pectin 
substrate (cf. Table 8). The inclusion of a contaminated sample in this 
experiment indicated that at least some of the decrease in viscosity of 
the assay medium could be attributed to enzyme action. Enzyme solution 
from the contaminated sample caused a rapid initial decline in viscosity, 
as was genera ly observed with fungal PG. The initial increase in 
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viscosity with uncontaminated samples was difficult to explain. Again, 
during the extraction a removal of calcium ions would have been expected 
and these ions could have interfered with the assay. The high PG activity 
at 24 hours might have indicated that the substrate was unstable rather 
than enzymatically hydrolyzed. In experiments with commercial pectin 
substrates (Tables 3, 4, 14) the decrease in viscosity due to PG after 
one hour was generally about half of the decrease in viscosity after 24 
hours. This indicated that a rapid drop in viscosity during the period 
from 12 to 24 hours after addition of the enzyme solution was likely due 
to more than enzyme action. 
More assays and better defined alfalfa pectin need to be utilized 
to determine if alfalfa PG really did hydrolyze alfalfa pectin to a higher 
degree than commercial pectin preparations. Certainly no marked increase 
in PG activity for alfalfa inoculated with an effective strain of rhizobia 
compared to uninoculated alfalfa was observed, although enzyme solutions 
from inoculated plants did cause a slightly lower viscosity in the assay 
media than enzyme solutions from uninoculated plants. 
Sodium polypectate was used as a pectic substrate without methoxyl 
groups. Assays using this substrate to test for PG from uninoculated 
and inoculated alfalfa indicated inoculation with effective and noninfect-
ive strains did not cause an increase in PG activity over that of 
uninoculated alfalfa (Table 13). In fact, in this experiment the enzyme 
activity was greatest in the uninoculated samples. Inoculation with the 
polysaccharide extract from the effective strain Su 388 caused a lower 
PG activity than was produced by alfalfa alone. The high values for per 
cent decrease in viscosity may have been due to the higher molecular 
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Table 13, Polygalacturonase activity of the liquid fraction enzyme 
solution from uninoculated and inoculated alfalfa assayed 
with buffered sodium polypectate substrate 
Inoculum added % decrease in viscosity 
1 hour 8 hours 
None 7.3 17.4 
Red clover strain 205 5.7 13.3 
Alfalfa strain Su 388 5.7 9.2 
Alfalfa strain Su 388 extract 1.6 3.2 
Ave. 5.1 10.8 
Boiled enzyme solution from uninoculated alfalfa -1.7 2.5 
weight of sodium polypectate compared to other pectin forms. With the 
higher molecular weight and longer chains of polypectate, hydrolysis 
of linkages within the chains could result in a rapid initial decrease 
in viscosity. 
Buffered high methoxyl pectin at pH 5.0 was used to test for the 
enzyme termed polymethyl-galacturonase by Seegmiller and Jansen (1952). 
As in the previous experiment with sodium polypectate solution, inocula­
tion of alfalfa with rhizobia strain Su 388 polysaccharide extract 
resulted in less PG activity than was obtained from alfalfa alone or 
alfalfa inoculated with viable rhizobia cells (Table 14). These results 
did not support the concept of induction of PG in roots of a legume by 
adding extracts from a strain of rhizobia capable of forming nodules on 
those roots. A slight increase in alfalfa PG was caused by inoculation 
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Table 14. Polygalacturonase activity of the liquid fraction enzyme 
solution from uninoculated and inoculated alfalfa assayed 
with buffered acidic high methoxyl pectin 
Inoculum added % decrease in viscosity 
1 hour 8 hours 
None 6,6 9.1 
Red clover strain 205 8.8 12.9 
Alfalfa strain Su 388 8.0 11.5 
Alfalfa strain Su 388 extract 3,1 4.0 
Ave. 6,6 9,4 
Boiled enzyme solution from uninoculated alfalfa 2.7 2.2 
in this experiment but it was doubtful if the differences were large 
enough to be real. The noninfective strain 205 caused as much of an 
increase in activity as the effective strain Su 388. 
High methoxyl pectin buffered to an alkaline pH gave different 
results (Table 15). Without added KNO^, the enzyme solution from alfalfa 
inoculated with effective rhizobia caused a slight increase in viscosity 
during the assay. Without nitrate, the solution from the uninoculated 
alfalfa caused little or no change in viscosity over 8 hours. Enzyme 
solutions from uninoculated samples were boiled and added to substrate 
preparations as controls. This resulted in a consistent decrease in 
viscosity of the assay medium. Uninoculated and inoculated alfalfa grown 
in 50 and 100 ppm N as KNO^ indicated that, in this assay, the ability 
of the alfalfa liquid fraction to cause a decrease in viscosity increased 
with the nitrate level. At 100 ppm N there was less PG activity from 
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Table 15. The effect of KNO^ on polygalacturonase activity of the liquid 
fraction enzyme solution from alfalfa assayed with buffered 
basic high methoxyl pectin 
ppm N Experiment % decrease in viscosity at 8 hours 
Inoculum added 
None Alfalfa strain 
Su 388 
None 1 0.2 -2.1 
2 -0.4 -3.2 
Ave. -0.1 -2.7 
50 1 2.6 3.0 
2 -2.0 -0.6 
Ave. 0.3 1.2 
100 1 8.9 4.8 
2 6.9 2.0 
Ave. 7.9 3.4 
0 N Boiled 1 6.2 
enzyme 8 .3  
2 8 .6  
6 .9  
Ave. 7.5 
the inoculated sample than from the uninoculated one. 
Assays for enzymes capable of decreasing viscosity of pectic 
substrates generally indicated that such enzymes were present in small 
amounts in legumes unless the substrate was high methoxyl pectin at an 
alkaline pH (Table 15). 
3, Pectin methyl esterase (PME) 
Fahraeus and Ljunggren (1959) measured the PME activity in the liquid 
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and extract fractions of legume seedlings. Comparing inoculated and 
uninoculated seedlings, they observed no difference in the total PME 
activity from the two fractions. They did report that inoculation of 
seedlings caused an increase in the PME activity of the extract fraction 
with a concomitant decrease in activity in the liquid fraction. Inocula­
tion with both effective and noninfective strains caused this shift in 
activity. Repeating these experiments did not give consistent results. 
The results reported for the samples without added nitrate indicated that 
if differences existed they were small (Table 16). The alfalfa inoculated 
with the noninfective red clover strain 205 had as much or more PME 
activity in the liquid fraction as the uninoculated sample. Comparisons 
at low nitrate levels did not support an increase in PME activity in the 
extract fraction due to inoculation. No consistent trends with increasing 
nitrate were apparent for either liquid or extract fractions. 
The results in Table 16 were for enzyme solutions that had been 
dialyzed. Fahraeus and Ljunggren (1959) had also dialyzed their enzyme 
solutions. According to Lineweaver and Jansen (1951), about half the 
activity of such a PME solution could be removed by dialysis. Comparison 
of extract-fraction PME activities from dialyzed (Table 16) and undialyzed 
(Table 17) samples supported this observation. Since both phosphate 
buffer and NaCl, which were present in the extracted PME solution, were 
also often included in substrates used for PME assays (Lineweaver and 
Jansen, 1951), the activity of liquid and extract fractions from 
uninoculated and inoculated alfalfa was tested without dialysis. \ 
standard curve for extract-fraction PME activity of enzyme solution 
samples of various sizes was run (Figure 1). The samples came from the 
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Table 16. The effect of KNO^ in 
esterase activity of 
alfalfa growth medium on pectin 
dialyzed enzyme solutions 
methyl 









Liquid 0 2.0 1.5 2.1 1.9 
50 1.9 1.4 1.9 1.7 
Ave. 2.0 1.5 2.0 1.8 
Extract 0 0.9 1.2 1.0 1.0 
10 1.9 1.5 1.4 1.6 
20 1.9 2.5 2.2 2.2 
30 1.5 1.2 1.0 1.2 
40 1.7 1.5 1.4 1.5 
50 0.8 0.9 0.8 0.8 
Ave. 1.5 1.5 1.3 1.4 
same enzyme solution and the nearly linear relationship between enzyme 
solution volume and PME activity indicated that the assay gave a good 
indication of PME activity. In most experiments inoculation caused a 
slight increase in PME activity of the liquid fractions and a decrease 
in extract fraction activity (Table 17), which was just the opposite 
result obtained by Fahraeus and Ljunggren (1959). Similar experiments 
with ladino and red clovers indicated that the extract fraction PME 
recovered from inoculated plants was lower than PME extracted from 
uninoculated plants (Table 18). Results of liquid fraction enzyme assays 
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Table 17. Pectin methyl esterase activity in two fractions from alfalfa 
Fraction Experiment Ml 0.005 N NaOH^ 
Inoculum added 
None Alfalfa strain 
Su 388 
Clover strains 
205 or 238% 
Liquid 
Extract 
1 0.8 1.1 1.0 
2 0.9 1.4 1.2 
3 0.3 0.9 
4 0.6 0.7 0.7 
5 0.6 0.8 0.7 
6 1.3 1.2 0.6 
7 1.0 0.7 0.4 
8 0.6 0.8 
9 0.4 0.4 
Ave. 0.7 0.9 0.8 
1 3.1 2.6 3.4 
2 3.3 2.0 3.5 
3 4,2 3.1 
4 4.6 3.5 3.5 
5 3.9 3.3 3.0 
6 4.8 3.6 3.9 
7 ~ 4.1 4.1 2.6 
8 3.6 2.7 
9 3.6 2.3 
Ave. 3.9 3.0 3.3 
^Values obtained with similar boiled enzyme samples were subtracted 
from original data to give the values shown. 
^Red clover strain 205 and ladino clover strain 238 were used in 
experiments 1, 2 and 4, 5, 6, 7 respectively. 
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ml. OF EXTRACTED ENZYME SOLUTION 
Figure 1. The relationship between the volume of extracted enzyme 
solution added to the assay mixture and the amount of PME 
activity detected 
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Table 18, Pectin methyl esterase activity in fractions from ladino and 
red clovers 
Host plant Fraction Experiment Ml 0.005 N NaOH^ 
Inoculum added 
None Clover Alfalfa 
strains strain 
238 or Su 388 
205% 
Ladino clover Liquid 1 - 0.8 0.9 
2 0.6 1.2 0.9 
Ave, 0.6 1.0 0.9 
Extract 1 1.6 1.0 1.1 
2 3.9 3.2 2,2 
Ave. 2.8 2.1 1.7 
Red clover Liquid 1 0.7 1.0 1.0 
2 1.1 0.7 1.1 
3 0.6 0.4 -
Ave, 0.8 0.7 1.1 
Extract 1 2.3 2.8 2.2 
2 5.2 3.3 3.5 
3 2.2 2.1 -
Ave. 3.2 2.7 2.9 
^Boiled enzyme values subtracted. 
^Ladino clover strain 
respective host plants. 
238 and red clover strain 2 05 added to their 
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were variable, perhaps because the assay was run with the total volume 
of liquid collected from each flask and the amount of liquid collected 
varied considerably (cf. Table 25). 
Polysaccharide extracts from rhizobia also were added to red clover 
rather Vhan inoculating the seedlings with viable cells. Addition of 
these extracts also caused a decrease in PME activity of extract fractions 
from the red clover plants (Table 19). Effective and noninfective strains 
were equally capable of causing the decrease in extract-fraction PME 
when either the whole cells or cell extracts were added to legumes (Tables 
17, 18, and 19). The addition of polysaccharide extract from rhizobia 
caused more of a decrease in extract fraction PME activity than inocula­
tion with viable cells of the same strain of rhizobia (Table 20). During 
the extraction of the polysaccharide capsular material from the rhizobia 
the cell suspension was boiled and the liquid volume decreased to about 
half the original volume. The turbidity of the rhizobia suspension added 
to plants was not as great as that of the suspension treated to obtain 
the polysaccharide extract. These two factors resulted in a greater 
concentration of polysaccharide in the rhizobia cell extract than in the 
inoculum consisting of viable cells. If the polysaccharide affected the 
PME activity developing in the legumes, a greater concentration of poly­
saccharide in the extract could have resulted in the observations recorded 
in Table 20. 
The depression of extract fraction PME activity from alfalfa appeared 
to occur within one day after inoculation (Table 21). The effective 
rhizobia strain Su 388 or its polysaccharide extract did not appear to 
depress extract fraction PME activity immediately. For the zero-day 
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Table 19. The effect of polysaccharide extracts from rhizobia on extract 
fraction pectin methyl esterase activity of red clover 
Replicate Ml 0.005 N NaOH^ 
Inoculum added 
None Red clover strain Alfalfa strain 
205 extract Su 388 extract 
1 5.8 4.4 4.4 
2 6.0 4.3 3.9 
3 7.4 4.4 5.1 
Ave. 6.4 4.4 4.5 
^Boiled enzyme values subtracted. 
Table 20. The effect of rhizobia and rhizobial polysaccharide extracts 
on extract fraction pectin methyl esterase activity of alfa If; 
Replicate Ml 0.005 N NaOH^ 
Inoculum added 
None Alfalfa strain Alfalfa strain 
Su 388 Su 388 extract 
1 3.0 2.8 2.1 
2 2.2 2.1 1.9 
3 - 2.1 1.8 
Ave. 2.6 2.3 1.9 
^Boiled enzyme values subtracted. 
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Table 21. The effect of varying the length of the inoculation period on 












0 1 2.8 2.0 2.7 
2 2.9 2.6 2.8 
3 2.8 2.5 2.7 
4 2.9 3.6 4.2 
5 2.9 3.4 2.1 
6 4.7 3.7 4.5 
Ave. 3.2 3.0 3.2 
1 1 4.6 3.4 3.2 
2 4.6 3.8 3.9 
Ave. 4.6 3.6 3.6 
2 1 3.6 3.4 3.3 
2 4.3 3.4 2.7 
Ave. 4.0 3.4 3.0 
4 1 5.2 2.9 3.3 
2 4.5 4.2 4.5 
Ave. 4.9 3.6 3.9 
^Boiled enzyme values subtracted. 
^The values listed at zero days are for alfalfa inoculated with 
alfalfa strain Su 388 polysaccharide extract rather than ladino clover 
strain 238. 
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treatment the inoculum was added to the plants two days after germination 
and all the liquid immediately removed from around the plant roots. 
Extraction for one hour followed and the extracted material was tested as 
quickly as possible for enzyme activity. The fact that PME activity was 
not immediately affected by inoculation with rhizobia or by the addition 
of rhizobia extracts would appear to rule out the possibility that 
rhizobia or rhizobia extracts inhibited the action of the enzyme during 
the assay. Inhibition of enzyme action by rhizobia cells also would not 
appear likely because the presence of rhizobia in the liquid fraction 
resulted in an increase in PME activity (Tables 17 and 18). 
PME activity of extract fractions from both inoculated and uninoculated 
alfalfa seedlings increased with increasing KNO^ levels from 0 to 100 ppm 
(Table 22 and Figure 2). The addition of 0.1 M glucose to seedlings 
appeared to depress extract fraction PME activity below that of untreated 
seedlings (Table 22). Further checking of this PME depression by glucose 
indicated that similar results occurred in only one of four experiments 
(Table 23). When both rhizobia and 0.1 M glucose were added to alfalfa 
there was a consistent depression of extract fraction PME as illustrated 
in Table 22. The inclusion of 0.1 M glucose in the growth media of 
inoculated alfalfa plants also resulted in extract fraction PME activity 
which did not increase markedly with increasing KNO^ or NH^Cl (Tables 22 
and 23). The inclusion of NH^Cl in the growth media of inoculated and 
uninoculated alfalfa seedlings did not affect extract fraction PME activity 
as much as the presence of KNO^ (Figure 2 and Table 23). 
Table 24 represents the results of an experiment designed to determine 
whether lAA increased the binding of PME to root cell walls. Bryan and 
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Table 22. The effects of rhizobia , glucose and KNO^ on extract fraction 
pectin methyl esterase from alfalfa 
ppm N Ml 0.005 N NaOH^ 
Treatment added to alfalfa seedlings 
None Alfalfa strain 0.1 M 
Su 388 glucose 
Alfalfa strain 
Su 388 + 
0.1 M glucose 
Ave. 
0 3.3 3.2 2.7 2.9 3.0 
10 3.8 3.4 3.2 3.1 3.4 
20 3.6 3.8 3.2 2.3 3.2 
30 3.8 3.9 3.8 2.9 3.6 
40 4.3 3.2 4.6 2.3 3.6 
50 5.7 4.1 3.5 2.9 4.1 
75 4.9 3.8 4.0 3.0 3.9 
100 5.0 4.4 4.6 3.4 4.4 
Ave. 4.3 3.7 3.7 2.9 3.6 
^Boiled enzyme values subtracted. 
Newcomb (1954) and Glasziou (1957) had noted that lAA caused an increase 
in binding of PME to tobacco pith cell walls and Fahraeus and Ljunggren 
(1959) had reported similar results with white clover roots. Results 
of this experiment were quite variable. The extract-fraction results 
-8 
represent the amount assumed to be bound to the cell wall. When 10 
M lAA was added to the alfalfa seedlings, the amount of PME activity in 
the extract fraction was much less than for untreated alfalfa in two 
replicates and slightly greater in the other two. 10 M lAA caused a 
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Table 23. The effects of rhizobia, glucose and three levels of KNO 3 
NH J 
4 
CI on extract-fraction pectin methyl esterase from alfalfa' 
Form ppm Ml 0.005 N NaOH^ 
of N N 
Treatment added to alfalfa seedlings 
None Alfalfa strain 0.1 M 
Su 388 glucose 
Alfalfa strain 
Su 388 + 
0.1 M glucose 
Ave. 
KNO 3 0 3.6 3.4 3.4 2.9 3.3 
50 5.2 5.0 6.1 5.9 5.6 
100 6.7 6.6 5.9 4.5 5.9 
Ave. 5.2 5.0 5.2 4.4 4.9 
NH.Cl 
4 
1 3.9 3.7 4.7 4.4 4.1 
50 4.5 4.1 4.7 3.1 4.1 
100 3.9 4.3 4.3 3.9 4.1 
Ave. 4.1 4.0 4.5 3.7 4.1 
^Values shown are averages for two experiments. 
^Boiled enzyme values subtracted. 
slight increase in bound PME in the majority of the trials. It should 
be pointed out that inoculated seedlings exhibited a decrease in extract-
fraction PME compared to untreated alfalfa in only two assays while an 
increase was noted in the other two determinations. 
In the assays run there was generally less bound PME in inoculated 
legumes than in uninoculated legume seedlings and at least an indication 
that inoculation increased free PME in the rhizosphere. It had been 


















2.0. 60 80 100 20 40 
ppmN 
Figure 2. The effects of increasing NH^Cl and KNO^ concentrations in 
the root media on the extract-fraction PME activity of 
uninoculated alfalfa (averages of four replications) 
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tion of the plant pectic colloids would be reduction of their water-
holding capacity. To check the possibility that an indication of water-
holding capacity could be obtained from readily available measurements 
the amounts of liquid recovered from inoculated and uninoculated plant 
samples were compared (Table 25). For the samples tested, neither alfalfa 
nor ladino clover indicated any consistent difference in liquid utiliza­
tion or retention. More liquid was recovered from the uninoculated red 
clover than from the inoculated red clover plants. A total of seven ml 
of liquid had been added to each flask. The smaller amounts of liquid 
recovered from alfalfa indicated the more vigorous growth of these seed­
lings, 
4. Pectin gel formation 
A second possible result of changes in PME activity was alteration 
of the physical characteristics of pectin. De-esterification has been 
shown to make pectin more susceptible to gel formation in the presence of 
calcium ions (McCollock ejt a_l. 1946). Liquid and extract fractions from 
alfalfa were tested for their ability to induce the formation of gels. 
With pectin, NaCl and CaCl2 in the substrate, a marked initial increase 
in viscosity invariably indicated subsequent formation of a gel within 
the viscometer. Activity was expressed as per cent increase in viscosity 
and positive values denoted gel-forming ability. Liquid-fraction enzyme 
solutions from inoculated alfalfa samples caused greater increases in 
viscosity than the liquid fractions from flasks containing uninoculated 
alfalfa (Table 26). This result occurred fairly consistently but the 
magnitude of the differences measured in individual experiments varied. 
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Table 24. The effect of inoculation and lAA levels on pectin methyl 
esterase activity in two fractions from alfalfa 
Fraction Replicate Ml 0.005 N NaOH 
Treatment added to alfalfa seedlings 
None Alfalfa strain 10 10 
Su 388 lAA lAA 





Uninoculated enzyme 0.15 
solution boiled 





Uninoculated enzyme 0.62 
solution boiled 
0.94 1.19 0.74 
0.99 0,95 0.65 
1.07 0.92 0.83 
1.02 0.70 1.00 
1.01 0.94 0.81 
4.61 3.93 5.46 
6.29 5,90 6.23 
5.21 6,10 5,78 
6,00 4,90 5.92 
5.53 5.21 5.85 
It was noted that results were least variable when substrate was prepared 
immediately before each experiment (e.g. Table 29). The viscosity of 
the assay media containing boiled enzyme solutions decreased in all cases. 
This effect also had been noted with high methoxyl pectin as a substrate 
for PG assay (Table 15), suggesting that high methoxyl pectin at neutral 
or slightly alkaline pH values was susceptible to spontaneous hydrolysis. 
No consistent differences in the ability of extract fractions from 
inoculated and uninoculated alfalfa to cause increases in substrate 





















The volume of liquid recovered from uninoculated and inoculated legumes 
















2.0 3.8 4.6 4.9 5.1 5.3 
2.4 4.1 4.0 4.0 3.9 5.5 
2.0 1.4 5.0 4.4 5.0 5.8 
2.2 1.7 4.1 3.4 4.3 3.8 
3.4 1.2 4.2 2.9 4.1 4.0 
3.1 2.6 3.9 3.1 4.1 4.2 
4.9 2.5 3.3 2.2 4.3 4.1 
3.1 1.6 3.6 2.2 4.4 4.0 






0.8  0.4 




2.5 2.4 4.1 3.3 4.5 4.6 
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Table 26. The effect of two fractions from uninoculated and inoculated 
alfalfa on pectin gel formation at pH 7.3 
Fraction Experiment Replicate % increase in viscosity in 1 hour 
Inoculum added 
None Alfalfa strain None 
Su 388 boiled 
Liquid 1 1.9 7.5 -4.4 
2 -8.7 -1.8 -5.7 
3 1 6.7 8.2 -2.9 
2 2.3 7.7 
3 2.2 1.9 
4 1.4 13.6 
Ave. 1.0 6.2 -4.3 
Extract 1 4.9 10.8 -2.9 
2 2.7 3.5 -0.3 
3 1 -1.1 -1.4 -11.2 
2 2.6 -5.6 
3 -7.6 -3.5 
4 -1.3 5.2 
Ave. 0.0 1.5 -4.8 
The inoculation of alfalfa appeared to promote the production of a 
factor responsible for more rapid pectin gel formation than was caused 
by liquid surrounding uninoculated alfalfa roots. The effect apparently 
was caused when either effective or noninfective strains were used as 
inoculum. For example, adding the noninfective red clover strain 205 
and the effective alfalfa strain Su 388 to alfalfa seedlings and later 
testing the liquid fraction from the samples for ability to cause gel 
formation indicated that one inoculum induced the same effect as the 
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Table 27. The effect of the liquid fraction from uninoculated alfalfa 
and alfalfa inoculated with effective and noninfective 
rhizobia on pectin gel formation at pH 7.3 
Experiment 
None 























other (Table 27). The assay for gel formation was most effective at 
slightly alkaline pH levels (Tables 26 and 27 and McCollock e^ a_l. 1946). 
Decreasing both the pH and the substrate methoxyl content removed most 
of the tendency to form gels (Table 28) but slightly higher viscosities 
of the media were still observed when liquid from inoculated rather than 
uninoculated alfalfa samples was added to the substrate in the visco­
meters. Without calcium or NaCl in the substrate, the addition of liquid 
from around the roots of inoculated alfalfa caused an increase in the 
viscosity of high methoxyl pectin at pH 7.3 but a decrease in viscosity 
when pH was lowered to 5.0 (Tables 15 and 14, respectively). 
Addition of increasing amounts of KNO^ to the growth media of the 
plants often resulted in a decreasing ability of the liquid fraction 
from inoculated samples to cause pectin gel formation in buffered basic 
high methoxyl pectin. Experiment 1 in Table 29 illustrated this type 
of response. The PG assay with high methoxyl pectin (Table 15) also 
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Table 28. The effect of the liquid fraction from uninoculated and 
inoculated alfalfa on pectin gel formation with low methoxyl 
pectin at two pH levels 
pH Replicate % increase in viscosity 
Inoculum added 
None Alfalfa strain 
Su 388 
4.5 1 -5.1 -1.1 
2 -3.5 -4.5 
Ave. -4.3 -2.8 
5.0 1 -1.3 0.5 
pH 5.0 Boiled -2.2 
indicated that a 
liquid fraction 
small increase in the 
enzyme from inoculated 
viscosity of media occurred when 
alfalfa was added to the media. 
The substrate in that experiment differed from the alkaline media for 
the pectin gel formation assay only because it lacked NaCl and CaCl2. 
A small amount of calcium ions was probably present in the liquid collect­
ed from around the alfalfa roots. It would seem possible that the effects 
noted in Table 15 were due to the same phenomenon causing the results 
illustrated in Tables 26-29. Results shown in Table 15 also suggested 
that KNO„ in the plant culture media could inhibit increases in pectin 
J 
viscosity as was the case in experiment 1,  Table 29. Extract-fraction 
enzyme solutions exhibited increasing ability to form gels with increas­
ing nitrate levels in the plant growth media (Table 29), in the same 
manner as extract fraction PME had increased with increasing KNO^. 
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Table 29. The effect of KNO^ added to plants on the ability of liquid 
and extract fractions from alfalfa to cause pectin gel forma­
tion at pH 7.3 
Fraction ppm N Experiment % increase in viscosity in 1 hr. 
Inoculum added 
None Alfalfa strain None 
















































Ave. 11.3 10.0 
^The liquid fraction in experiment 2 was assayed with 2-day-old-
substrate. 
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The ability of liquid fractions from uninoculated and particularly 
from inoculated alfalfa to form pectin gels would provide a possible 
explanation for the difficulties in PG determinations referred to by 
Ljunggren and Fahraeus (1961), who observed that calcium interfered with 
the assay. The enzyme or factor responsible for an increase in pectin 
viscosity could.counteract a decrease in pectin viscosity due to PG if 
even small amounts of calcium were present in the assay medium. This 
possibility may help to explain the variable results obtained in the 
assays for PG (Tables 2-15). 
5. Cellulase 
Higher cellulase activity in the liquid fraction from alfalfa 
inoculated with effective rhizobia than in the liquid fraction from uninoc­
ulated alfalfa was noted in four of six experiments (Tables 30 and 31). 
Differences were generally small and variability among the results was 
large. In several experiments boiled enzyme samples caused marked 
decreases in viscosity of the buffered sodium carboxymethylcellulose 
substrate, suggesting that the enzyme was not easily denatured by heating. 
One experiment (No. 1, Table 30) also gave an indication that only inocu­
lation with effective strains of rhizobia stimulated cellulase activity. 
Increasing levels of KNO^ in the plant culture media did not appear to 
affect cellulase activity (Table 31), 
6. Lipase 
Adding liquid fractions collected from inoculated or uninoculated 
alfalfa did not appear to cause any consistent change in the tributyrin 
substrate (Table 32). Extract fractions gave the same results. A 
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Table 30. The effect of inoculation of alfalfa with effective and non-
infective rhizobia strains on the liquid fraction cellulase 
activity 
Experiment Replicate % decrease in viscosity at 8 hours 
Inoculum added 
None Alfalfa strain Red clover None 
Su 388 strain 205 boiled 
1 1 11.4 22.6 6.0 1.5 
2 11.5 10.1 
3 28.5 1.7 
Ave. 11.4 20.9 5.9 1.5 
2 1 21.9 28.1 8.5 
3 1 6.3 7.8 7.8 
4 1 12.2 8.4 7.3 19.9 
2 10.5 12.9 10.6 
Ave. 11.4 10.7 9.0 19.9 
5 1 23.5 28.1 0.6 
2 16.5 26.1 
3 20.5 18.3 
4 18.0 17.9 
Ave. 19.7 22.6 0.6 
positive lipase test under these conditions would have involved hydroly­
sis of the tributyrin in the suspension and a decrease in absorbance of 
the assay mixture with time. Failure to detect lipase activity in 
ground cotyledons of alfalfa suggested that the assay did not give a 
sensitive test for the presence of the enzyme. 
7. Acid phosphatase 
A small amount of acid phosphatase activity was detected in the 
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Table 31. The effect of KNO^ on production of liquid fraction cellulase 
by uninoculated and inoculated alfalfa 
ppm N % decrease in viscosity at 8 hours 
Inoculum added 
None Alfalfa strain Ave. 
Su 388 
0 21.8 16.8 19.3 
10 13.2 23.5 18.4 
20 21.9 15.9 18.9 
30 17.4 17.1 17.3 
40 29.0 23.1 26.1 
50 4.8 28.0 16.4 
100 27.9 13.6 20.8 
Ave. 19.4 19.7 19 .6 
100 boiled 5.0 1.7 3.8 
liquid surrounding alfalfa roots (Table 33). Inoculated alfalfa apparent­
ly had slightly more activity in the liquid fraction than the untreated 
alfalfa. Experiment 1 indicated that inoculation with either an 
effective or noninfective strain of rhizobia resulted in an increase in 
liquid-fraction acid phosphatase activity from alfalfa. 
Extract-fraction acid phosphatase activity was slightly higher than 
that of liquid fractions under the conditions of these experiments. 
Differences between acid phosphatase activities of uninoculated and 
inoculated alfalfa appeared to be similar for both liquid and extract 
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Table 32. Lipase activity of the liquid fraction from uninoculated and 
inoculated alfalfa 
Inoculum Replicate Absorbance readings 
added , .. 
Elapsed time 
0 20 min. A 
None 1 0. 119 0. 086 -0. 033 
2 0. 092 0. 097 +0. 005 
3 0. 136 0. 108 -0. 028 
4 0. 136 0. 148 +0. 012 
Ave. 0. 121 0. 110 -0. Oil 
Alfalfa strain 1 0. 119 0. 131 +0. 012 
Su 388 2 0. 113 0. 119 +0. 006 
3 0. 113 0. 113 0. ,000 
4 0. 174 0. 174 0. ,000 
5 0. 161 0. 167 +0. ,006 
6 0. 148 0. ,143 -0. ,005 
Ave. 0. ,138 0. ,141 +0. .003 
Control: Inoculated boiled 0. 131 0. ,125 -0. ,006 
0. ,113 0. ,103 -0. ,010 
0. ,131 0. 131 0. ,000 
Avr, 0. 125 0. 120 -0. ,005 
fractions. Acid phosphatase activities of the two fractions from the 
same sample were apparently well correlated. Strain Su 388 rhizobia 
cells were grown in nutrient media and a suspension was tested for acid 
phosphatase activity to determine if the increased acid phosphatase 
activity of inoculated alfalfa was due to enzyme activity of the added 
rhizobia. No differences were detected in the acid phosphatase activities 
of viable cell suspensions and a boiled cell suspension. This indicated 
the rhizobia did not possess substantial acid phosphatase activity, 
which agreed with the results of Zelazna (1962). 
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Table 33. Acid phosphatase activity of liquid and extract fractions from 
uninoculated and inoculated alfalfa 
Fraction Exp. Rep. u moles salicyclic acid liberated per minute 
Inoculum added 
None Alfalfa strain Red clover None 
Su 388 strain 205 boiled 
Liquid 1 1 0.0143 0.0177 0. 0186 0.0026 
2 0.0100 0.0137 0. 0126 
Ave. 0.0122 0.0157 0. 0156 
2 0.0094 0.0100 0.0029 
3 1 0.0057 0.0063 0.0031 
2 0.0080 0.0109 
3 0.0079 0.0111 
4 0.0126 0.0080 
Ave. 0.0086 0.0091 
Average of 3 0.0097 0.0111 0.0029 
experiments 
Extract 3 1 0.0080 0.0080 0.0011 
2 0.0146 0.0154 
Ave. 0.0113 0.0117 
Control: Alfalfa strain Su 388 0.0020 
cells alone 
Alfalfa strain Su 388 0.0020 
cells boiled 
No differences in the acid phosphatase activity of liquid fractions 
from uninoculated and inoculated ladino clover were detected (Table 34). 
Extract fractions from ladino clover exhibited acid phosphatase activi­
ties well correlated with the activities of the corresponding liquid 
fractions. 
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Table 34. Acid phosphatase activity liquid and extract fractions from 
uninoculated and inoculated ladino clover 
Fraction Replicate u moles salicylic acid liberated per minute 
Inoculum added 
None Ladino clover None 
strain 238 boiled 
Liquid 1 0.0040 0.0046 0.0014 
2 0.0051 0.0074 
3 0.0033 0.0025 
4 0.0030 0.0031 
5 0.0039 0.0027 
6 0.0039 0.0028 
Ave, 0.0038 0.0039 0.0014 
Extract 4 0.0036 0.0039 0.0017 
5 0.0054 0.0037 
6 0.0066 0,0032 
Ave, 0.0052 0.0036 0,0017 
There was no apparent effect of increasing KNO^ in the alfalfa 
growth media on the liquid-fraction acid phosphatase activity from 
uninoculated samples (Table 35). A slight indication of an increase in 
acid phosphatase activity with increasing KNO^ was detected in the enzyme 
solution from inoculated alfalfa. 
Boiled enzyme samples were used as controls in the acid phosphatase 
determinations. The addition of these boiled samples to the substrate 
resulted in a measurable liberation of salicylic acid from o-carboxy 
phenyl phosphate substrate (Tables 33-35). This amount of salicylic acid 
also occurred from the substrate alone or from the substrate plus water 
so the reported control values referred to spontaneous breakdown of the 
o-carboxy phenyl phosphate rather than enzyme activity remaining in the 
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Table 35. The effect of KNO^ on liquid-fraction acid phosphatase from 
uninoculated and inoculated alfalfa 
ppm N Replicate p. moles salicylic acid liberated per minute 
Inoculum added 
None Alfalfa strain Ave. None 
Su 388 boiled 
0 1 








































Ave. 0,0082 0.0113 0.0098 
0.0083 0.0102 0.0093 0.0020 
boiled enzyme solutions. 
8. Alkaline phosphatase 
With the determination used in these experiments for alkaline 
phosphatase, no liberation of salicylic acid could be detected when any 
type of enzyme solution from alfalfa was added to the substrate. There 
was also no spontaneous liberation of salicylic acid such as occurred 
under the conditions of the acid phosphatase assay. 
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B. Nodulation Studies 
1. Genera 1 
Growth of alfalfa plants in the plastic pouches was vigorous. Care 
was necessary to insure that the perforations in the absorbent paper 
within the pouches were at the bottom of the fold where the seeds were 
placed. The seeds germinated in the bottom of this fold and the roots 
did not normally penetrate through the paper unless the paper was proper­
ly folded. In most pouches, about 10 of the 20 seeds present produced 
roots which grew down through the absorbent paper. 
2. Effects of combined nitrogen on nodulation 
The addition of 10 ppm N as KNO^ appeared to stimulate the production 
of nodules on alfalfa (Figure 3). The number of nodules per root in the 
pouches receiving the lowest level of nitrate was consistently higher 
than the nodule-root ratio in pouches receiving no nitrogen. This effect 
began at the onset of nodulation when the plants receiving low nitrate 
formed nodules earlier than the controls. 
At higher levels of KNO^ a few nodules formed within six days of 
inoculation but there was a depression in the number of nodules formed 
compared to the plants receiving no nitrate. This depression lasted 
for about 12 to 14 days after inoculation and then many new nodules were 
formed. At 24 days after inoculation the plants in the pouches contain­
ing 50 and 100 ppm N as KNO^ had fewer nodules on their roots than plants 
grown without nitrate. Greatest depression of nodulation was caused by 
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Figure 3. The effects of three rates of on nodulation of alfalfa 
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NH^Cl added to pouches at the rates of 10, 50 and 100 ppm N caused 
a much greater decrease in the number of nodules formed than did 
corresponding concentrations of KNO^ (Figure 4). The low level of ammoni­
um depressed nodulation for at least ten days and then nodules formed at 
about the same rate as they did initially on plants growing without 
nitrogen. The medium and high levels of NH^Cl inhibited nodulation for 
ten and 12 days, respectively. About 15 to 18 days after inoculation the 
rate of nodulation began to increase at both the medium and high concen­
trations of NH,CI. 
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3. Effects of pectic substances on nodulation 
The addition of sodium polypectate, low methoxyl pectin and high 
methoxyl pectin to the nutrient media in the plastic pouches resulted in 
a depression in nodulation in all cases when the rates of nodulation were 
compared to samples receiving nothing but water (Figure 5). Nodulation 
was decreased in the pouches containing sodium polypectate for about ten 
days and then occurred at a rate comparable to the nodulation of control 
plants. Nodulation in pouches containing low methoxyl pectin was 
depressed for 12 to 15 days and then nodules formed rapidly. High methoxyl 
pectin caused a decrease in nodulation which persisted for the duration 
of the experiment. After the formation of a few nodules within two weeks 
of inoculation, nodulation was virtually inhibited in the pouches con­
taining high methoxyl pectin. 
4. The effect of carboxymethylcellulose on nodulation 
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Figure 5. The effects of three pectic materials on the nodulation of 
alfalfa 
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difficult to assess because normal plant growth was not obtained when 
this compound was added to the nutrient solution. The number of roots 
penetrating the perforated absorbent paper was only about half the number 
for untreated plants. There did appear to be an initial decrease in the 
number of nodules per root formed in the pouches containing one per cent 
carboxymethylcellulose (Figure 6). This depression in nodule number 
persisted for about 12 days and then nodulation occurred considerably 































An induction of increased polygalacturonase production in the roots 
of legumes when the plants were inoculated with effective strains of 
rhizobia was reported by Fahraeus and Ljunggren (1959) and Ljunggren and 
Fahraeus (1959, 1961). Their results provided plausible explanations for 
certain effects observed in nodulation. 
The formation of nodules on host legumes occurs only in the presence 
of specific strains of rhizobia. Strains capable of infecting certain 
host plants and causing nodule formation on the host roots were also 
capable of inducing increased PG production in that host legume, accord­
ing to the above authors. Increased plasticity of host cell walls due to 
PG activity would have facilitated entry of rhizobia cells into the root 
hairs. An active role for PG in the infection of legume root hairs by 
rhizobia possibly explained why only certain rhizobia strains were cap­
able of causing nodulation of specific hosts. The depression of PG 
activity by nitrate in their experiments also provided a convenient explana­
tion for an effect at the infection site operating in the inhibition of 
nodulation when nitrate was present in the rooting medium. 
The possibility of extending this area of research promoted this 
study and numerous attempts were made to duplicate the induction of PG 
activity in inoculated legumes. The failure of these experiments to 
support the previously mentioned results of Fahraeus and Ljunggren was 
unexpected. Only with crude alfalfa pectin as a substrate was there any 
indication of marked PG stimulation after inoculation and in that experi­
ment (Table 12) results were variable. 
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The presence of greater calcium concentrations in the seeds used in 
these experiments than in the seeds used by Fahraeus and Ljunggren could 
have been responsible for the failure to detect changes in PG activities 
after inoculation of legumes. The facts that most plant samples exhibited 
slight PG activity and that adding EDTA to both the substrate and the 
germinating seeds did not allow detection of high PG activity in inoculated 
legumes constitute some evidence that calcium did not normally interfere 
in the determinations. 
The work done by Fahraeus and Ljunggren on PG induction in legumes 
suggests experiments that would be of interest to workers in the area 
of legume root infection, nodulation and the mechanisms of factors affect­
ing nodulation. It is difficult to believe that scientists other than 
Fahraeus and Ljunggren did not attempt to measure induced PG activity in 
inoculated legumes and proceed to subsequent experiments. To the know­
ledge of the author, no publication has appeared since 1961 in this area 
except citations of the original work (e.g. Nutman, 1965). The possibil­
ity exists, of course, that attempts other than these experiments to 
increase legume PG by inoculation also have given negative results which 
would not be likely to appear in print. 
Recent correspondence with Dr. Martin Alexander^ supported this 
possibility. Mr. A. N. Macgregor, in Dr. Alexander's laboratory, attempt­
ed to verify the results of Fahraeus and Ljunggren, using their methods 
as well as a modified method of seedling culture. He observed no PG 
^Alexander, Martin, Associate Professor, Soil Microbiology, Cornell 
University, Ithaca, New York. Polygalacturonase activity in inoculated 
legumes. Private communication. 1966. 
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production by alfalfa inoculated with effective rhizobia. Some PG activity 
of inoculated white clover seedlings was noted. This activity was about 
half of that reported by Fahraeus and Ljunggren, Uninoculated seedlings 
of alfalfa and clover also occasionally yielded PG. 
These results for alfalfa agreed with those found in this study 
except that a consistent low level of PG was found in the alfalfa used 
in our laboratory. White clover was not tested extensively here because 
it was difficult to keep free of contaminants. The detection of PG from 
uninoculated legumes was also occasionally noted in these experiments 
(e.g. Table 3). 
Experiments in this study did indicate a depression of alfalfa PG 
activity when concentrations of greater than 40 ppm N as KNO^ were 
included in the plant culture media (Tables 8 and 9). A similar depres­
sion of fungal PG also was observed when nitrate was added to the nutrient 
media (Table 10). The level of PG activity has been suggested as a 
limiting factor in the plasticity of plant primary cell walls (Setter-
field and Bayley, 1961). If PG activity in the cell walls fell below 
normal levels, the plasticity of the cell walls might be decreased. If 
invagination, as proposed by Nutman (1956), is the normal mechanism of 
infection, then a general decrease in PG of the cell wall could restrict 
infection by reducing the pliability of the cell wall. Such a proposal 
could be used to explain the decrease in nodulation due to nitrate (Figure 
3). 
If small changes in root PG affect cell wall pliability, then the 
apparent slight increase in alfalfa PG caused by the presence of 10 to 
30 ppm N as nitrate (Tables 8 and 9) also could be responsible for 
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increased susceptibility of the cell wall to invagination. Greater infec­
tion might result in increased nodulation at low nitrate levels, which 
is in accord with the results illustrated in Figure 3 and those reported 
for alfalfa by Richardson aj.. (1957) and Hallsworth (1958). 
A comparison of pectin methyl esterase activities of uninoculated 
and inoculated legume roots revealed some fairly consistent differences. 
In most cases, more PME was present in the liquid surrounding inoculated 
roots. When PME was extracted from the roots, less PME activity was 
obtained from the inoculated roots (Tables 17 and 18). Since less varia­
bility occurred in assays for extract-fraction PME, the characteristics 
of the enzyme in this fraction were studied more extensively than those 
of liquid-fraction PME. Previous studies on factors affecting nodulation 
and results obtained in this study (Figures 3 and 4) indicated that com­
bined nitrogen usually depressed nodulation. The decrease in extract-
fraction PME of inoculated roots was overcome by KNO^, suggesting a 
relationship between nodulation and PME activity. Addition of NH^Cl 
appeared to depress nodulation more than KNO^ in this study (Figures 3 
and 4), although opposite results for alfalfa grown in sand had been 
reported by Fred and Graul (1916) and Richardson e_t a 1. (1957). The 
smaller response of PME production to NH^Cl than to KNO^ (Figure 2) then 
may or may not support an involvement of PME in infection and nodulation. 
Carbohydrates have been shown capable of overcoming the depressing effect 
of combined nitrogen on nodulation (Allison and Ludwig, 1934; Wilson, 
1940; and Raggio e;t a_l. 1965). The effect of nitrate on PME also appeared 
to be overcome by carbohydrate (Tables 22 and 23). 
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The effects of pectic materials on nodulation (Figure 5) also 
suggested a relationship between pectin methyl esters and nodulation. 
As methoxyl groups present on the added pectin increased, nodulation was 
decreased. For example, sodium polypectate, with no methoxyl groups, 
appeared to depress nodulation less than high methoxyl pectin. This 
effect could be interpreted as indicating that the added pectin methoxyl 
groups acted as substrates for PME in the rhizosphere and competitively 
inhibited the action of liquid-fraction PME on alfalfa cell wall pectin. 
The polysaccharide extract from rhizobia, as well as viable cells, 
exhibited an ability to cause a depression of extract-fraction PME (Tables 
19 and 20). No attempt was made to further define any causal factor. 
The significance of these apparent negative correlations between 
extracted PME and the observed nodulation of legume roots can only be the 
subject of speculation. Deuel and Stutz (1958) reported that in higher 
plants, PME is usually fixed to the tissue, which agrees with the results 
of these experiments. The data in Table 17 indicate that most of the 
total PME activity was extracted. If the PME fixed to the legume root 
tissue was in its active state, it could be inferred that low PME activity 
would increase the plasticity of cell walls. Low PME activity would result 
in less de-esterification of pectin in the cell wall and Tagawa and 
Bonner (1957) have observed that the lower the methyl ester content and 
the higher the bivalent cation content of cell wall pectin, the more the 
firmness of the cell walls increased. Thus low levels of extracted PME 
from inoculated legume roots could be interpreted to mean that the cell 
walls were more pliable and more susceptible to the proposer' ^Nutman, 
1956) infection process of invagination. 
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Other reasoning could be used to relate the effect of inoculation on 
PME to processes which might have affected infection of legume roots by 
rhizobia. Kertesz (1951, p. 184) and Deuel and Solms (1954) proposed 
that a reduction in the water-holding capacity of plant pectic colloids 
would result from their de-esterification. Reduction of water-holding 
capacity may make plant tissue more susceptible to attack by bacteria 
(Fernando and Stevenson, 1952; Gregg, 1952). Glasziou (1957) and Glasziou 
and Inglis (1958) suggested that binding of PME to cell walls inactivated 
the enzyme and that enzyme binding prevented de-esterification of pectin, 
thereby decreasing the amount of calcium bridging. The importance of PME 
in cell wall plasticity was later questioned by Jansen e^ aJL. (1960), 
who found no effect of auxin on PME binding or stimulation in oat 
coleoptiles. However, if binding did inactivate the enzyme, the slight 
increase in liquid fraction or unbound PME activity of legume roots due 
to inoculation might promote greater susceptibility to infection by 
rhizobia. 
The ability of fractions from uninoculated and inoculated alfalfa 
to form pectin gels in the presence of pectin, CaClg and NaCl also was 
studied. McCollock £t a_l. (1946) had reported that de-esterification of 
pectin promoted the formation of gels so this assay was used to measure 
de-esterification, an effect promoted by PME. Inoculation of alfalfa 
roots resulted in increases in both liquid-fraction PME activity and gel 
formation by alfalfa liquid fractions. The rather consistent decrease 
in bound alfalfa PME due to inoculation was not accompanied by a decreased 
ability of the extract fraction from inoculated alfalfa to form pectin 
gels. However, increasing levels of KNO^ did increase both PME and gel-
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forming ability from alfalfa extracts. The evidence implied that PME and 
ability to increase pectin viscosity in the presence of calcium might be 
related but that other factors also appeared to be involved. 
The ability of liquid surrounding the roots of inoculated alfalfa 
to cause an increase in pectin rigidity, particularly in the presence of 
added calcium, might be used as an explanation for the occurrence of 
root hair curling. Curling occurs characteristically in inoculated 
legume roots and normally has been found at the initial point of infection 
of the legume root hair (Nutman, 1965). It also has been observed and 
photographed in hairs of legume roots inoculated with noninfective strains 
of rhizobia (Thornton, 1936). A localized proliferation of rhizobia 
cells, such as that illustrated by Thornton (1936) could result in local­
ized production of the enzyme or factors causing an increase in pectin 
viscosity. Action of this enzyme, assuming it is one, on the pectin in 
the adjacent root hair primary cell wall could result in a decrease in 
plasticity of a portion of the cell wall. Continuing elongation of the 
root hair cell wall except at the localized area where plasticity was 
decreased would result in the characteristic root hair curling which has 
been frequently illustrated (McCoy, 1932; Thornton, 1936; Nutman, 1958; 
and Sahlman and Fahraeus, 1963). 
Setterfield and Bayley (1961) have cited evidence to support an 
argument that calcium-pectin interactions do not control wall plasticity. 
They contended that neither calcium nor pectin were high in oat cole-
optiles. They do cite evidence, however, that the pectin of roots is 
substantial, and McCoy's (1932) experiments indicated a large portion 
of alfalfa roots consisted of pectin. Also the legumes used in this study 
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incorporate considerably more calcium than raonocotyledonous plants and 
require calcium for nodulation (Norris, 1958). 
Whether root hair curling would lead to entry of rhizobia into the 
root hair cell by invagination, as the excellent electron micrographs of 
Sahlman and Fahraeus (1963) seemed to indicate, is open to conjecture. 
If entry of rhizobia into the cell did occur by a reorientation of growth 
at the point of infection, as proposed by Nutman (1956), the formation of 
the infection thread by the host-controlled action of walling off the 
invading rhizobia would be a parallel situation to the defence mechanism 
of plants against fungal haustoria described by Gaumann (1946). 
The data in Table 16 represent the results of an experiment designed 
to test the theory of Tanner and Anderson (1963) concerning the action 
of nitrate in the inhibition of root hair infection. Their theory was 
based on the assumption that lAA was essential for nodulation. It 
proposed that catalytic destruction of lAA by nitrite, which had been 
produced by rhizobia1 reduction of nitrate, limited infection of inocu­
lated legume roots growing in media containing high concentrations of 
nitrate. Fahraeus and Ljunggren (1959) had reported that addition of 
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10 M lAA to legume roots and inoculation both had increased the amount 
of PME bound to the legume root cell walls. They proposed that the 
observed binding of PME to the cell walls was due to the action of lAA, 
known to be produced by the association of legume roots and rhizobia 
(Thimann, 1939). The experiment used to test the theory of Tanner and 
Anderson (1963) involved the addition of 0-50 ppm N as KNO^ to uninocu-
lated and inoculated alfalfa and testing the extracted fractions for PME 
activity. If the hypotheses of Tanner and Anderson (1963) and Fahraeus 
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and Ljunggren (1959) both were supported, increasing levels of nitrate 
should have resulted in increasing destruction of lAA and a gradual 
decrease in the amount of PME extracted from the cell walls of the inocu­
lated alfalfa. No information about either hypothesis was obtained because 
inoculation did not cause a marked increase in PME extracted from inocu­
lated plants compared to uninoculated samples and because no obvious 
trend in PME activities of inoculated samples occurred as nitrate concen­
trations were increased. 
There was at least a suggestion of an increase in cellulase activity 
of alfalfa following inoculation. Intensive study of cellulase levels 
in inoculated and uninoculated legumes would seem warranted. The role of 
cellulases in infection by phytopathogens is well known (e.g., G'dumann, 
1950). It softens the cell wall enabling the organism to penetrate into 
the interior of the cell. An increase in cellulase after inoculation 
could facilitate the infection of root hairs by rhizobia. The indication 
in experiment 1, Table 30 that the cellulase activity increased more 
after inoculation with effective rhizobia than after the addition of non-
infective rhizobia to the roots also warrants more study. This specificity 
of cellulase stimulation might provide an explanation of why a legume 
root is infected by only certain strains of rhizobia. 
Acid phosphatases, except,for human prostate acid phosphatase, have 
been little studied in spite of their wide distribution in nature 
(Brouillard and Ouellet, 1965). The detection of an apparent slight 
increase in acid phosphatase of alfalfa following inoculation may be 
related to the high cytoplasmic activity within root hairs prior to 
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infection. Reference to this phenomenon was made by Raggio and Raggio 
(1962) and the hyperactive cytoplasm of inoculated root hairs which had 
not formed infection threads could be readily observed under a phase 
contrast microscope. Schmidt and Laskowski (1961) considered that an 
obvious function of the nonspecific phosphomonoesterases such as this acid 
phosphatase could be the role of providing inorganic phosphate for meta­
bolic purposes. A relation between metabolism and acid phosphatase also 
is suggested because highest acid phosphatase activity in human prostate 
cells occurs in the mitochondria (Schmidt, 1961). Further work on acid 
phosphatase in inoculated legumes should involve proof that the enzyme 
activity in this assay is not due to phytase, a specific phosphomono-
esterase which hydrolyzes all phosphoric ester linkages in phytic acid. 
Although phytic acid contains a saturated ring, both o-carboxy phenyl 
phosphate and phytic acid are six-membered ring compounds with substituted 
phosphate esters. The o-carboxy phenyl phosphate appeared susceptible 
to spontaneous hydrolysis and phytase could have catalyzed the removal 
of phosphate esters from o-carboxy phenyl phosphate. Phytase is present 
in plant seeds, has an optimal activity around pH 5.0 and the concentra­
tion of the enzyme in seeds increases during germination (Schmidt and 
Laskowski, 1961). 
The failure to detect increases in acid phosphatase after inoculation 
of ladino clover may have occurred because, with the low activities 
detected when these small seeds germinated, changes would have been much 
less than the variability. 
No alkaline phosphatase activity was detected for inoculated alfalfa. 
Zelazna (1962) reported considerable alkaline phosphatase activity for 
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Rhizobium meliloti grown in nutrient media at a pH of 8.3 and containing 
0.01 per cent of the sodium salt of phenolphthalein diphosphate. The 
absence of alkaline phosphatase activity in the rhizobia growing around 
the roots of the germinating alfalfa may have occurred because the enzyme 
was adaptive and did not form due to the lack of adequate levels of sub­
strate or because the media was quite acidic (pH 5.7). 
NH^Cl appeared to depress nodulation more than KNO^ did (Figures 3 
and 4). At 50 to 100 ppm KNO^, the depression of nodulation lasted 12 
to 14 days and then nodulation occurred rapidly. This effect had been 
noted by Gibson and Nutman (1960) with legumes grown in agar. Their 
delaying effects on nodulation, however, had been caused by much lower 
rates of nitrate, 0.45 to 4.5 ppm N, or by similar rates of nitrite. 
Figure 3 illustrates that 10 ppm N as KNO^ appeared to stimulate nodula­
tion throughout the course of the experiment. Nodulation occurred much 
more readily in pouch cultures than in the agar cultures that were first 
attempted. This fact may account for some of the discrepancy between 
the results obtained here and those of Gibson and Nutman. After a delay 
in nodulation, observed with 50 and 100 ppm N as KNO^ or 10, 50 and 100 
ppm N as NH^Cl in the pouches, the rate of nodulation increased (Figures 
3 and 4). Normal nodulation after the assimilation of the combined nitro­
gen by the plants could have produced this effect. This explanation 
agrees with a proposal postulated by Gibson and Nutman (1960). 
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VI. SUMMARY 
Inoculated and uninoculated legume seedlings were compared for 
differences in root enzyme activities. Enzymes studied were polygalac­
turonase (PG), pectin methyl esterase (PME), cellulase, lipase and acid 
and alkaline phosphatases. 
Alfalfa and red clover samples exhibited a low level of PG activity. 
No consistent differences in PG activity were detected when inoculated and 
uninoculated samples of the same plant material were compared. Inocula­
tion with effective and noninfective strains of rhizobia gave similar 
results. PG was tested with three different commercial pectin substrates 
varying in methyl ester content. Extracted alfalfa pectin also was used 
as a substrate for an alfalfa PG assay. Various substrate pH levels and 
salt concentrations were used as well. Low amounts of KNO^ appeared to 
stimulate PG production but concentrations above 40 ppm N decreased enzyme 
activity. 
PME activity in liquid surrounding the roots was increased slightly 
by inoculation with effective or noninfective rhizobia whereas both types 
of inoculation decreased the amounts of PME extracted from the roots. 
KNO^ stimulated extract-fraction PME production and this effect was large­
ly overcome by 0.1 M glucosf? in the plant growth media. The ability of 
enzyme fractions to cause pectin gel formation was not well correlated 
with their PME activities. Liquid from around inoculated alfalfa roots 
caused more rapid gel formation in a pectin substrate containing calcium 
than did liquid from uninoculated alfalfa samples. 
An indication of cellulase stimulation in alfalfa by the addition of 
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effective rhizobia was obtained. Cellulase activity did not appear to be 
affected by combined nitrogen additions to the legume roots. Neither 
lipase nor alkaline phosphatase activity was detected in any samples. 
Acid phosphatase activity of alfalfa roots increased after inoculation but 
ladino clover acid phosphatase activity did not. 
Nodulation studies indicated a stimulation of alfalfa nodulation 
occurred when 10 ppm N as KNO^ were present in the nutrient media. Higher 
levels of nitrate and NH^Cl decreased nodulation. It was proposed that 
stimulation of PG at low nitrate levels and PG inhibition at higher KNO^ 
levels were related to the effect of nitrate on nodulation. 
Sodium polypectate, low methoxyl pectin and high methoxyl pectin, 
when added to the nutrient media, of alfalfa plants, all caused a decrease 
in nodulation but the effect increased with greater methoxyl content. 
These results were interpreted as supporting evidence for the importance 
of pectin methoxyl groups in legume roots hair infection. Possible 
effects of PME activity or pectin gel formation on legume root hair 
infection were discussed. 
No explanation why individual legume species are nodulated by only 
certain strains of rhizobia was well supported. There was a slight 
indication that cellulase production by alfalfa was enhanced only by 
effective rhizobia strains. 
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